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Vol. 7, p. 660, line 8, instead of reintiated read reinitiated 
p. 663, line 22, instead of metabolic read metabolite 
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Action du glycocolle sur le développement in vitro des 
colonies prothalliennes de Gymnogramme calomelanos, 
Filicinée Polypodiacée. li. Morphologie générale, sexualité 
et dimensions des prothalles constitutifs des 
colonies prothalliennes 


Par 
I. SOSSOUNTZOV 


Laboratoire de Botanique, Sorbonne, Paris 
(Recu le 29 Juin, 1953) 


Il a été montré, dans une communication précédente (8), que les colonies 
prothalliennes de Gymnogramme calomelanos peuvent utiliser le glycocolle 
comme source unique d’azote pour leur développement in vitro au moins 
jusqu’au 6° repiguage. La croissance de ces colonies est possible en présence 
de 0,5 à 10 millimolécules-grammes de glycocolle (en abrégé: mM/glyco- 
colle), normale entre 1,5 à 5 mM (pas de parties nécrosées au 45° jour 
suivant le repiquage), aberrante sur les milieux nutritifs contenant moins de 
1,5 mM ou plus de 5 mM de cet acide aminé (formation d’une volumineuse 
»masse nécrosée centrale» tapissée d’un mince liseré de prothalles vivants). 

La présente note sera consacrée à l’exaınen des prothalles constituant ces 


colonies prothalliennes. 


Techniques 


La technique adoptée a été la même que celle définie précédemment (8). Au 45° 
jour suivant le repiquage, sur la partie supérieure des colonies, celle tournée vers 
l'ouverture du tube de culture, on preieyait un ensemble de prothalles qu'on 
examinait au microscope et qu'on soumettait ensuite à une étude quantitative 
(fréquences des types filamenteux et cordés, sexualité et dimensions). 


[1] 


2 I. SOSSOUNTZOV 
Donnees experimentales 


On étudiera d’abord les prothalles appartenant aux cultures de 6° repiquage, 
complètement accoutumés à leurs conditions de vie (9); puis on comparera les 
résultats »définitifs» qu'ils donnent avec ceux obtenus après le I" repiquage (cul- 
tures non accoutumées); enfin, on confrontera ces conclusions avec celles fournies 


> 


par les prothalles-témoins cultivés sur le milieu de Knop normal (milieu-témoin, a 
10,94 milliatomes-grammes d’azote NO,~; en abrégé: mA/azote). 


A. Cultures de sixieme repiquage 


I. Observation microscopique générale des prothalles 


Les prothalles cordés qui constituent les colonies normales (1,5 à 5 mM/ 
glycocolle) sont verts et vigoureux comme ceux des cultures-témoins, mais 
s’en distinguent souvent par leur contour déchiqueté et sinueux dû à la 
prolifération d’assez nombreuses ébauches prothalliennes (fig. 1 A). Leur 
partie basale par laquelle ils sont fixés aux prothalles formés antérieurement 
est généralement effilée, ce qui explique la friabilité de l’ensemble des cul- 
tures. Le coussinet de ces prothalles se forme tardivement et porte au 45° 
jour des anthéridies et des archégones en nombre réduit. Dans quelques cas 
assez rares, les anthéridies sont marginales. Les rhizoïdes sont peu nombreux. 
Les chloroplastes, de dimensions moyennes (environ 5), présentent une 
structure normale (couleur verte, grains d’amidon nettement délimités). 

Sur les colonies aberrantes (moins de 1,5 ou plus de 5 mM/glycocolle), 
les prothalles (fig. 1 A) sont petits, d’un vert jaunâtre, très souvent coriaces 
et épais. Leur contour est généralement régulier; l’échancrure médiane est 
peu marquée ou inexistante. Les rhizoides sont longs et abondants. Sauf 
dans les parties en voie de prolifération active (cellules marginales à l’apex 
du prothalle) où ils sont normaux, les chloroplastes sont volumineux (jusqu’à 
12 u), boursouflés et souvent agglutinés autour du noyau en une masse verte 
opaque plus ou moins étoilée (fig. 1 B, C). Colorés par un réactif iodé, ils 
prennent une teinte intermédiaire entre le violet et le gris; cette coloration 
incertaine laisse supposer que, dans ces chloroplastes boursouflés, ’amidon 
s’accumule au sein d’un substrat pigmentaire en voie de désorganisation. 
Notons enfin que fréquemment ces chloroplastès aberrants coexistent, dans 
une seule et même cellule, avec des chloroplastes normaux. 

Quant aux prothalles filamenteux, très nombreux tant sur les cultures 
normales que les cultures aberrantes, ils sont généralement courts, sinueux 
ou incurvés en crosse quelquefois ramifiés, porteurs de rares rhizoides et 
toujours stériles. Ils montrent occasionnellement des cellules globuleuses 
intercalaires (ci, fig. 1 D). C’est dans celles-ci et dans les cellules apicales 
que les chloroplastes, d'apparence normale, sont les plus abondants. 
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A _KNOP 5mM/glyc. 


Figure 1. Prothalles et chloroplastes sur différents milieux. 


A. Forme générale des prothalles cordiformes. En haut à gauche: prothalle prélevé sur 
une colonie-témoin (milieu de Knop normal). En haut à droite: prothalle prélevé sur une 
colonie normale cultivée sur le milieu 4 5 mM/glycocolle. Nombreux prothalles adventifs. 
En bas a gauche: prothalle prélevé sur une colonie aberrante (milieu à 0,5 mM/glycocolle). 
La base du prothalle appartient déjà à la »masse nécrosée centrale». 

B. Structure générale des chloroplastes. A droite: chloroplastes normaux (prothalles 
cultivés sur le milieu A 5 mM/glycocolle). Substrat vert, grains d’amidon (am). A gauche: 
chloroplastes aberrants (prothalles cultivés sur le milieu à 0,5 mM/glycocolle). Chloro- 
plastes boursoufles. 

C. Chloroplastes agglutinés dans une cellule d’un prothalle de culture aberrante. Milieu 
à 0,5 mM/glycocolle. 

D. Forme générale des prothalles filiformes. En bas: prothalies observés dans une 
colonie aberrante (milieu à 8 mM/glycocolle). On voit à gauche la »masse nécrosée 
centrale». En haut: prothalles observés dans une colonie normale (milieu à 3 mM/ 
glycocolle). 

Ni le coussinet, ni les organes sexuels n’ont été figures; rh — rhizoides; pf — prothalles 


filiformes; ci — cellule intercalaire. 


II. Densite et proportions des prothalles 


1) Densité des prothalles. Il a été précédemment noté (8) que la surface 
des cultures à »masse nécrosée centraie» montre des prothalles chétifs, 
assez rares et noyés dans de trés nombreux rhizoides. Les cultures normales 
sont au contraire formées de nombreux prothalles verts, vigoureux, assez 
serrés les uns contre les autres. La densité prothallienne, c’est-à-dire la fré- 


SOSSOUNTZOV 
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quence des prothalles par unité de surface de la colonie, est done beaucoup 
plus élevée sur les cultures normales que sur les cultures aberrantes. 

2) Proportions des prothalles. Sur chaque milieu, 200 à 500 prothalies 
proliferant à la partie supérieure des cultures ont été examinés et séparés 
en deux groupes: les prothalles cordés (cordiformes) et les prothalles fila- 
menteux (filiformes). Les résultats de ce dénombrement sont groupés dans 
le tableau 1. On voit que, quel que soit le type de culture considéré (aberrant 
ou normal), les proportions prothalliennes sont les mémes: il se forme au 
45° jour environ 11 prothalles filamenteux pour 1 prothalle cordé: sur 100 
prothalles examinés à la surface des colonies, 92 sont filiformes et 8 seule- 
ment cordiformes. 

Cette indépendance de la proportion des prothalles vis-A-vis de la concentration 
des milieux en azote, c'est-à-dire vis-à-vis du type de culture auquel ils appartien- 
nent, est confirmée par le calcul de la contingence quadratique y?. La valeur du 
critère x? calculé (3,92) correspond en effet à P—0,97 avec 11 degrés de liberté. Il 
n'y a donc pas désaccord avec l'hypothèse de l'indépendance des formes prothallien- 
nes par rapport a la concentration en glycocolle des milieux nutritifs. 


II. Sexualité et dimensions des prothalles cordiformes 


1) Moyennes 

a) Sexualité des prothalles 

Ainsi que le montre la figure 2, le nombre moyen m, d’anthéridies 
demeure compris entre 5 et 6, quelle que soit la concentration des milieux 
nutritifs en glycocolle, c’est-a-dire indépendamment de la morphologie des 
colonies prothalliennes (cultures avec ou sans »masse nécrosée centrale»). 

En ce qui concerne les archégones (fig. 2), leur nombre moyen m, est 
d’autant plus élevé que les milieux sont plus riches en azote, et cela jusqu’à 
une concentration voisine de 5 mA. Au dela, il se forme en moyenne environ 
5,5 archégones par prothalle. On note, là encore, qu'il n’y a pas de corrélation 
entre la présence dans les colonies d’une »masse nécrosée centrale» (<1,5 
mM/glycocolle) et la formation des archégones: entre 0,5 et 5 mM, la courbe 
des archégones est en effet continue, sans ruptures au niveau de 1,5 mM. 
Cependant les deux séries de cultures aberrantes ne sont pas semblables a 
cet égard: il y a peu d’archégones sur les prothalles carencés en azote 
(<1,5 mM), il y en a beaucoup sur ceux abondamment pourvus en azote 


(>5 mM). 


b) Dimensions des prothalles 

La fig. 2 et l’analyse statistique des moyennes montre qu'entre 0,5 et 4 
mM/glycocolle, la longueur moyenne m, des prothalles cordés demeure 
constante (environ 3 mm). Au niveau de 5 et de 6 mM, elle est significa- 
tivement maximum (environ 3,5 mm en moyenne). 
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Le test de linéarité de Blackman-Fisher permet en effet de rejeter l'hypothèse de 
la linéarité de la courbe (P=0,05) à ce niveau de concentration. Le calcul des zones 
de sécurité de chaque moyenne indique en outre une différence significative 
(P=0,05) entre les valeurs des milieux à 5 et à 6 mM/glycocolle et celles des 
milieux voisins. Il y donc bien un maximum significatif au niveau des deux con- 
centrations prementionnees. 


Enfin, la longueur moyenne diminue pour les concentrations supérieures 
à 6 mM. 


La présence de ce maximum pour 5 et 6 mM/glycocolle est une illustration 
supplémentaire de l’indépendance des caractères prothalliens vis-à-vis de la 
concentration en azote des milieux, c’est-à-dire vis-à-vis du type structurel 
de la culture: en effet, sur le milieu à 5 mM/glycocolle, les colonies sont 
normales, alors qu’en présence de 6 mM, elles présentent une »masse nécrosée 
centrale»; or, la longueur moyenne des prothalles qui les constituent ne 
varie pas. La même remarque pourrait être faite à propos du passage de la 


concentration 1 mM (cultures aberrantes) à la concentration 1,5 mM (cultures 
normales). 


Quant à la largeur moyenne m, des prothalles, comme le montre la fig. 2, 
elle présente des variations complexes et d’une interpretation délicate, A 
mesure que croit la teneur des milieux en azote. On observe en effet un 
premier maximum au niveau de 0,5 mM/ glycocolle (cultures aberrantes), 
un second maximum entre 3 et 5 mM (cultures normales) et enfin un 
dernier maximum, mal delimite, entre 8 et 10 mM (cultures aberrantes). 
L’analyse statistique montrant que ces paliers maximums sont significatifs, 
on doit en conclure qu'il existe trois niveaux de concentration en glyco- 
colle exerçant sur les prothalles un effet stimulateur de leur élargissement. 
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Tableau 2. Variabilité des caractéres des prothalles cordiformes de 6e repiquage.! 


Se a eee 


| | | Coefficients de variation V 

| mM/glycocolle Cultures | n j 

| | | Nombre d’ | Nombre d’ |Longueur| Largeur 

| | | | Anthéridies | Archégones | moyenne | moyenne 

SE ee eS ee EE eee 

| | | | 

| es || Aberrantes{ 9: eee 0,418 0,450 0,304 

| | ‚355 0,397 0,495 0,325 
1,5 | 66 0,431 0,476 0,550 0,351 
2 73 0,387 0,491 0,517 0,331 
3 |? Normales 87 0,401 0,513 0,529 0,321 
4 | | 91 0,377 0,485 0,538 | 0,347 
5 | | 73 0,387 0,473 0,506 0,353 
6 59 | 0,318 0,414 0,473 0,318 
7 | 67 | 0,330 0,378 0,438 0,309 
8 | > Aberrantes 71 0,306 0,430 0,407 0,294 
9 | | 68 0,299 | 0,441 0,113 | 0,319 
10 | | 80 0,334 0,399 0,399 0,287 


* Le coefficient de variation V d’une moyenne dont l'écart-type est o, est V=o,/m 
(n—nombre de prothalles examinés). 


2) Coefficients de variation 


De l’examen du tableau 2, il ressort que les coefficients de variation des 
moyennes présentent toujours des valeurs plus importantes sur les prothalles 
des colonies normales que sur ceux des colonies aberrantes. Le développe- 
ment en 45 jours des organes reproducteurs ou des dimensions des prothalles 
s’effectue donc de maniere plus réguliére, plus homogene d’un prothalle 
a l’autre, lorsque la culture présente une »masse nécrosée centrale» que 
lorsqu’elle en est dépourvue. | 

Ce résultat, notons-le, est inverse de celui rapporté précédemment (8) 
pour l’accroissement pondéral des colonies. Il autorise à dire que les cultures 
à »masse nécrosée centrale», cultures dissemblables entre elles par leurs 
poids (forte variabilité), c’est-à-dire en d’autres termes tant que l’on consi- 
dére leurs prothalles globalement, sont au contraire constituées de prothalles 
dont les caractères sexuels et dimensionnels sont assez semblables d’un 
individu à l’autre (variabilité réduite). Et inversement pour les cultures 


normales. 


3) Rapports de moyennes 


Jusqu'à présent n’ont été considérées que les variations de chacun des caractères 
prothalliens envisagés isolément. Mais il peut être intéressant de suivre les modifica- 
tions d’un caractère donné par rapport à un autre, à mesure que les milieux s’enrichissent 
en azote. Des six rapports W,,,—=m,;/m, possibles pour les quatre caracteres prothal- 
liens mesurés, les plus intéressants sont W,),=m,/m, (sexualité relative) et W3/4 
=m,/m, (dimensions relatives). 
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a) Sexualite relative 


La fig. 2 montre qu’apres une tres rapide chute entre 0,5 et environ 2 


mM/glycocolle, le rapport w,7 diminue lentement jusqu'à 4 mM environ, 
puis demeure constant jusqu’à la concentration 10 mM. Cela signifie que, 
sur les milieux les plus pauvres en azote, les prothalles forment en moyenne 
beaucoup plus d’anthéridies que d’archégones et que cette prépondérance 
de la sexualité anthéridiale sur la sexualité archégoniale s’atténue progres- 
sivement à mesure que la teneur des milieux en glycocolle s'accroît. Sur 
les milieux les plus riches en azote, il se forme à peu près autant d’anthe- 
ridies que d’archégones: le rapport w,,, est alors voisin de 1 et traduit un 
minimum de la prépondérance de la sexualité anthéridiale sur la sexualité 
archégoniale. 


b) Dimensions relatives 


Le rapport w3,, (fig. 2) est sensiblement le même, tant que la concentra- 
tion en glycocolle est comprise entre 0,5 et 4 à 5 mM: il est alors de l’ordre 
de 1,6 à 1,9 et indique qu'en moyenne les prothalles sont presque deux 
fois plus longs que larges. En présence de 6 et 7 mM/glycocolle, la longueur 
moyenne des prothalles s’accroît brusquement au prorata de la largeur; sur 
ces deux milieux, les prothalles sont presque trois fois plus longs que larges. 
Ce sent des prothalles très étirés en longueur. Cet étirement est évidemment 
dû à ce que, comme il a été montré ci-dessus, en présence de ces concentra- 
tion, la longueur absolue présente un palier maximum et la largeur absolue 
un palier minimum. Enfin, sur les milieux les plus riches en glycocolle, 
les proportions prothalliennes redeviennent semblables à celles que montrent 
les cultures proliférant en présence des milieux faiblement ou moyennement 
pourvus en azote (0,5 à 5 mM/glycocolle): le rapport w3, est en effet de 
nouveau voisin de 1,7. Une tendance à la diminution semble s’amorcer à 
mesure que la concentration en glycocolle croît dans les milieux: sur celui 
à 10 mM, en effet, le rapport w:, est égal à 1,44. Cette diminution qui 
traduit une »cordisation» protballienne progressive est toutefois discrète, 
car, comme on le sait, les milieux contenant plus de 10 mM/glycocolle 
n’autorisent plus la croissance prothallienne. 


A noter enfin, une fois de plus, l'indépendance entre le type de structure 


des colonies (présence ou non d’une »masse nécrosée centrale») et la gran- 
deur du rapport @,,.. 
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B. Comparaison de la sexualité et des dimensions des prothalles cordiformes 


I. Moyennes 


1) Organes sexuels. La fig. 3 et les données du tableau 3 montrent qu'entre 
le 1°” et le 6° repiquages, les nombres moyens d’anthéridies et d’archégones 


3 ö 6 
NUMERO D'ORDRE DU 


Figure 3. Sexualité et dimensions des prothalles cordés au 45e jour suivant le 1er, le 3e 


O 


REPIQUAGE 


et le 6€ repiquages. 


de premier et de sixième repiquages 


donnés par les prothalles le 45° jour ne varient pas significativement. 
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Tableau 3. Limites de sécurité des moyennes des caracteres prothalliens. Cultures de 
1er et de 6e repiquages.* 
aT 


ler repiquage 6e repiquage 
mA/glycocolle 

n mi Ms mi Ms n mi Ms mi Ms 
nN ee 
Anthéridies | Archégones Anthéridies | Archégones 

1 A 136 | 5,52 | 6520) | 1547 |) 1-65 | 73 Rew || (pili |) tsi | ake) 

3 N 56 | 5,27 | 6,33 | 2,67 | 3,51 | 87 4,99 | 5,75 | 3,04 | 3,64 

5 N | 107 | 5,62 | 6,37 | 4,75 | 5,65 | 73 5,36 | 6,24 | 5,09 | 6,13 

7 A 59585,51218.6,522 24.618 |25.622 567 5,59 | 6,39 | 5,00 | 5,82 

10 A 91 | 5,88 | 6,41 | 5,01 | 6,01 | 80 5,21 | 5,89 | 5,07 | 5,87 
ee er er ET Rac i A ee le en Een Er 

Longueur Largeur Longueur Largeur 

1 IN 51367 724272 23,258 Sl Ener 2,70 | 3,28 | 1,50 | 1,70 

3 N SCM, S a 23.718 181,62251.9621287 2107 23,262 MT 91 

5 N | 107 | 3,3721 4,092 1,597) 71,337 073 3,24 | 3,94 | 1,64 | 1,88 

7 A SOM 3531 24,152 215,042 21,242 567 2,98 | 73,567 21512221527 

10 A 91 | 2,96 | 3,55 | 1,18 | 1,36 | 80 Pty | PE |) ey 21559 


' m; et m, sont respectivement les limites inférieure et supérieure de l'intervalle de 
sécurité de la moyenne m du caractére considéré (n — nombre de prothalles examinés). Ces 
limites ont été calculées avec l’erreur standard de la moyenne de la population (n>30) 
avec P=0,1; A — cultures aberrantes; N — cultures normales. 


2) Dimensions des prothalles. Entre le 1° et le dernier repiquages, les 
dimensions moyennes des prothalles cordés restent les mémes sur tous les 
milieux à l’exception de celui à 1 mM/glycocolle sur lequel les prothalles 
s’elargissent et celui à 10 mM sur lequel ils s’allongent et s’élargissent à la 
fois. L’accoutumance des dimensions prothalliennes ne se manifeste donc 


que sur quelques cultures aberrantes, mais ne s’observe pas sur les cultures 
normales. 


II. Coefficients de variation 


Pour les quatre caractères considérés, la variabilité des moyennes (0,/m, 
OU Om est l’écart-type de la moyenne m) tend à décroitre ou décroit à mesure 
que le nombre de repiquages augmente. L’intensité de cette diminution de 
la variabilité est toujours plus importante sur les prothalles des cultures 
aberrantes que sur ceux des cultures normales. Le développement de la 
sexualité et des dimension prothalliennes s’effectue donc de manière plus 
homogene sur des colonies accoutumées A leurs nouvelles conditions de vie 
(surtout si ce sont des colonies aberrantes) que sur celles qui ne le sont pas. 

Le calcul montre, d’autre part, que le caractére sur lequel cette homo- 
genisation des moyennes est la plus marquee est la largeur prothallienne. Elle 
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est tres faible, au contraire, pour le nombre d’anthéridies sur les prothalles 
des cultures normales. Le nombre d’archegones et la longueur occupent, 
de ce point de vue, une place intermédiaire. 


III. Rapports de moyennes 


Entre le 1° et le 6° repiquages, comme on le voit sur la fig. 3, le rapport 
_ nombre moyen d’anthéridies 
~ nombre moyen d’archégones 
cultures normales, mais reste constant sur ceux des cultures aberrantes. 
L’accoutumance des premiers se traduit donc par leur tendance à la 
sexualisation archégoniale relative: pour 1 anthéridie, il se forme un peu 
plus d’archégones après le 6° repiquage qu’apres le 1°. 

Les dimensions relatives subissent une modification dans le sens d’une 
longueur moyenne 
largeur moyenne 
tend en effet a décroitre ou décroit sur tous les milieux, c’est-A-dire sur 
les deux types structuraux de cultures présents. Pour 1 mm de longueur 
moyenne, les prothalles présentent une largeur plus importante apres le 6° 
repiquage qu’apres le 1°. Cette »cordisation» est particulierement intense sur 
les prothalles du milieu à 10 mM/glycocolle. 


TE tend à diminuer sur les prothalles des 


»cordisation» progressive des prothalles: le rapport ©314= 


C. Comparaison avec les prothalles-témoins 


I. Proportions des types prothalliens 


Les fréquences des prothalles cordiformes (n) et des prothalles filiformes 
(n) dans les colonies normales sont: 


nal 


n’— 420 76,8 %0 | , 
Milieu de Knop .............: [ 


i= IG BBO} Of) 


n’—1450 91,6 °/o 


’/n=10,90 
1,5 à 5 mM/glycocolle ........ | elas aus, Inn 


(n et n’ sont les totaux des n et n’ présentés par les cultures qui ont recu 
1,5—2—3—4 et 5 mM/glycocolle, tableau 1; ces fréquences ne different 


pas significativement entre elles). 
On voit que le glycocolle, comme source unique d’azote, contribue a 
augmenter, dans les cultures normales, la proportion des prothalles fila- 


menteux aux dépens des prothalles cordés. 


II. Sexualité et dimensions des prothalles cordiformes 


1) Le nombre moyen d’antheridies m,, ainsi que les dimensions pro- 
thalliennes moyennes m, (longueur) et m, (largeur) sont, dans tous les 
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Tableau 4. Sexualité, au 45e jour suivant le 6e repiquage, des prothalles cultivés en pre- 
sence de concentrations variables en glycocolle et en azote nitrique, ammoniacal et 
nitro-ammoniacal. 


glycocolle NOS NH,+ NÉ INO = 
mA/n = : =e 
m, m, m, m, m, m, | m, m; 

0,5 A 5,87 | 0,87 A 32910 A 2,13| 0 | c. mortes 

1 IN || Sa || SISA A 5,16 0 A te || 0 c. mortes 

2 INE |) 5.298 53,01 N 5,42 0 A 2,14) 0 SN 6,96 | 2,01 

4 N | 5,77 | 4,66 N 391770, N 8,30 | 1,61 N 7,96 | 3,34 

6 A 5 181554 N 10,33 | 2,23 N 115215) 4,17 | ON 9,84| 4,32 

8 A 5,86 | 5,71 N 10,41 | 3,37 N 11,45 | 422 | _N 10,16 | 4,84 
10 A 5,55 || Gey N 10,80 | 3,88 N 13,40 | 4,43 | 

10,94 | c. mortes N 10,39 | 4,17 N 12,98 | 4,37 ING az il 

A — cultures aberrantes; SN cultures subnormales (8, 9); N — cultures normales; 
mı et ma — nombres moyens d’anthéridies et d’archégones respectivement; c. mortes 


-— cultures mortes. 


cas, beaucoup plus élevés sur les prothalles-témoins que les prothalles nor- 
maux sur glycocolle. Mais il n’en est pas de même pour le nombre moyen 
d’archégones m,: le glycocolle, aux plus fortes concentrations autorisant 
le développement normal des cultures, a un effet stimulateur de la sexualité 
archégoniale plus intense que le milieu de Knop. 


Une. conclusion semblable se dégage des valeurs du tableau 4 qui permet de 
confronter, à concentrations en azote égales, les données numériques propres aux 


x 


cultures tant aberrantes que normales; de manière à comparer l’azote du glyco- 
colle avec l’azote mineral sous ses diverses formes, on a adjoint au tableau 4 les 


indications fournies par les prothalles pourvus en azote ammoniacal et nitro-ammo- 
niacal (9). 


La variabilité des quatre caracteres prothalliens est, dans tous les cas, 
nettement plus élevée sur les cultures-témoins que sur les cultures normales 
des milieux à glycocolle. Cet acide aminé (1,5 à 5 mM) régularise donc le 
développement des organes sexuels et des dimensions prothalliennes de 6° 
repiquage. Il en est de méme pour les cultures aberrantes. 

2) Le calcul de rapport @,,,=m,/m, à partir des valeurs du tableau 4 
montre que, sur les cultures-témoins, les prothalles portent en moyenne 
moins d’archégones pour 1 anthéridie que sur les cultures normales pour- 
vues en glycocolle; sur certains d’entre celles-ci, il se forme en moyenne 
autant d’antheridies que d’archégones (w,,, est voisin de 1). Le glycocolle 
contribue donc, nettement plus que les nitrates du milieu de Knop, à accen- 
tuer le développement des archégones au prorata de celui des anthéridies. 


Cette conclusion est valable pour les cultures aberrantes, la comparaison des 
données étant faite A concentrations en azote égales. 
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Si on a de enfin les valeurs du rapport w,,,, elles montrent que sur 
le milieu-témoin, les prothalles sont en moyenne moins étirés en longueur, 
cest-a-dire plus cordés, que sur les milieux à glycocolle permettant une 
croissance normale des colonies. 

Il en est de même si l’on compare les »valeurs glycocolle» aux »valeurs nitrates» à 
concentration égale. 


Discussion 


Comme il a déjà noté précédemmet (8), l'examen critique des résultats 
présentés dans ce travail est malaisé du fait de l’absence de données biblio- 
graphiques quantitatives. 

L'étude de l'accroissement pondéral des colonies prothalliennes en pré- 
sence de glycocolle a montré qu’à tous les niveaux de concentration, cet 
acide aminé est moins favorable à leur développement que les nitrates des 
milieux de Knop modifiés (8). Cette infériorité des milieux à glycocolle est 
confirmée, dans la présente contribution, par un autre fait: l'abondance des 
prothalles filamenteux. On sait en effet, que l’étirement des prothalles cordés 
et l’accroissement en nombre des formes filamenteuses apparaissent comme 
une réaction des prothalles aux conditions de développement difficiles 
(lumière, nutrition, vieillissement, etc.) (11, 7, 3, 2, 10, 9). Il en est de même, 
dans une certaine mesure, pour l'irrégularité du contour des prothalles 
cordés, dûe à une prolifération stimulée des formations adventives. On 
observe un phénomène semblable sur les prothalles alimentés en azote 
ammoniacal ou nitro-ammoniacal à fortes concentrations (50 mM/NH,CI ou 
NH,NO, par exemple), prothalles qui présentent cependant une croissance 
normale rapide (9). 

D'après Albaum (1), la prolifération de tels prothalles adventifs serait die au 
bloquage de l’auxinogenese dans les cellules prothalliennes. Mais alors comment 
rendre compte de la rapide croissance concomitante des prothalles? En fait, bien 


que Kaiser et Albaum (4) en affirment la présence (sans données expérimentales 
à l'appui), l’auxine, à notre connaissence, n’a jamais fait l'objet d'aucun travail 


systématique. 

En ce qui concerne la sexualité prothallienne, il faut tout d’abord noter 
la différence de sensibilité entres les anthéridies et les archégones vis-à-vis 
de la carence en azote. Alors que la plus faible concentration en glycocolle 
permettant la croissance jusqu’au 6° repiquage (0,5 mM) inhibe fortement 
la formation des archégones (m,=0,87), celle des anthéridies (m, =5,87) 
a une méme importance que sur les autres milieux. Les anthéridies resistent 
donc mieux que les archégones au manque d’azote dans les mileux. Ce 
résultat n’est pas propre au glycocolle, car on le retrouve chaque fois que 
les conditions de vie deviennent défectueuses (5, 6, 11, 3, 9). 
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x 


La valeur nutritive du glycocolle, a-t-on vu, est inférieure à celle des 
nitrates du milieu de Knop normal pour de nombreux caractéres prothal- 
liens (accroissement pondéral, proportions des types prothalliens, sexualité 
anthéridiale, dimensions prothalliennes). Cette conclusion ne saurait cepen- 
dant étre généralisée, car, dans les limites de concentration considérées (0,5 
à 10 mA/azote), elle ne s’applique pas à la sexualité archégoniale (>4 mM/ 
glycocolle) et la sexualité relative (w,,.=m,/m,). Comparés aux témoins, les 
prothalles alimentés en glycocolle ont en effet moins d’anthéridies, mais plus 
d’archégones, Ainsi, l'emploi de cet acide aminé comme source unique 
d’azote a pour effet de produire une sexualisation archégoniale à la fois 
absolue et relative des prothalles: pour 1 anthéridie, il se forme plus d’arche- 
gones qu’en présence des 10,94 mA/azote NO,~ du milieu de Knop. Le 
tableau 4 et le calcul ont montré qu'il en est de même si la comparaison 
des valeurs est faite à concentration égale, c’est-à-dire en considérant tant les 
cultures normales que les cultures aberrantes. C’est là un fait remarquable, 
car, dans le cas général, une sexualité archégoniale élevée est conditionnée 
par une croissance prothallienne rapide et normale. Il faut ajouter d’ailleurs 
que cette prépondérance de l’azote du glycocolle sur l’azote minéral en tant 
qu’elöment stimulateur des archégones est de généralité restreinte, puis- 
qu’elle ne peut se manifesier que dans des limites de concentration en azote 
aussi étroites que 0,5 et 10 mA. Or, si l’on considère des milieux plus riches 
en azote minéral, milieux permettant une intense croissance prothallienne 
normale, on s’assure que les archégones formés sur les prothalles peuvent 
largement dépasser en nombre ceux que présentent les prothalles des milieux 
sur glycocolle (ainsi, avec 17 mA/azote NO,~, on a m;=10,21) (9). A con- 
centration égale, le glycocolle n’est donc supérieur à l’azote minéral, quant 
au développement des archégones, que si l’on s’en tient aux faibles concentra- 
tions en azote. 

Quant aux modifications quantitatives des caractères sexuels et dimension- 
nels prothalliens à mesure qu’augmente le nombre de repiquages auxquels 
on soumet les cultures, elles traduisent l’accoutumance progressive de ces 
dernières aux nouvelles conditions de vie qu’on leur offre. Ce phénomène 
a déjà été mentionné pour l’accroissement pondéral (8) et semble être de 
caractère très général (9). 


Résumé 


1), Dans les colonies prothalliennes de Gymnogramme calomelanos, le 
glycocolle (glycine), comme source unique d'azote, augmente le nombre 
de prothalles filiformes aux dépens du nombre de prothalles cordiformes. 

2) Le nombre moyen d’anthéridies est le même quelle que soit la concentra- 
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tion des milieux en azote (la prolifération des prothalles n’est possible qu’entre 
0,5 et 10 mM/glycocolle). La sexualité archégoniale est fortement maxima en 
présence de 5 mM/glycocolle ou davantage. La longueur moyenne des 
prothalles est faiblement maxima sur les milieux à 5 et à 6 mM. La largeur 
moyenne varie à mesure qu’augmente la concentration des milieux en glyco- 
colle (trois maximums: au niveau de 0,5, de 3 à 5 et de 8 à 10 mM). La 
variabilité des moyennes est toujours plus élevée sur les prothalles des 
cultures normales que sur ceux des cultures aberrantes. 

3) Entre le 1° et le 6° repiquages, la sexualité et les dimensions des 
prothalles cordés demeurent, dans l’ensemble, constantes. Leur variabilite 
s’atténue. 

4) Comparés à la solution de Knop normale (10,94 mA/azote), les milieux 
a glycocolle qui assurent une croissance normale des cultures (1,5 à 5 mM) 
stimulent la prolifération des prothalles filamenteux aux dépens des 
prothalles cordés, inhibent le développement des anthéridies et des dimen- 
sions prothalliennes, mais exaltent la sexualité archegoniale. Il en est de 
même si la comparaison est faite à concentration en azote égale (cultures 


aberrantes et normales). 
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Introduction 


In recent years tissue culture techniques have been employed to advan- 
tage in studies of hormone or growth factor requirements in plants as well 
as in studies of certain aspects of the functions and interrelationships of 
such factors which cannot be readily determined in intact plants. However, 
the experience with excised organs and fragments consisting of complex 
tissues and also with callus cultures as experimental material often has been 
that various cell types or regions of the tissue respond differently to different 
substances and to different concentration of a single substance. Difficulties 
have arisen therefore in interpreting the effects of the applied substances, 
particularly in relating the effects of treatments to specific changes in growth 
and tissue composition. 

It has been found that when tobacco stem segments, consisting of cortical, 
vascular, and pith tissues, are cultured on White’s medium with various 
growth substances added, the pith cells undergo some proliferation as well 
as enlargement on media containing indoleacetic acid (IAA), naphthalene- 
acetic acid, or other substances with auxin activity (Skoog and Tsui, 8). 


* This work was supported in part. by the University Research Committee with funds 
from the Wisconsin Aiumni Research Founcation and in part by a grant-in-aid from the 
American Cancer Society upon recommendation of the Committee on Growth of the 
National Research Council. 


? Present address: Dept. of Biochemistry and Nutrition, Graduate School of Public 
Health, University of Pittsburgh 13, Pennsylvania. 


[16] 


CELL ENLARGEMENT AND CELL DIVISION 7 


In contrast with this behavior, pith parenchyma sections freed from 
vascular elements fail to grow appreciably on the same control medium, 
bui in the presence of suitable concentration of IAA the pith cells respond by 
an enormous cell enlargement entirely unaccompanied by cell division. 

In view of this differential response of the pith cells in the presence and 
absence of vascular elements and the unusual magnitude of the cell enlarge- 
ment in response to IAA, a detailed study of the growth of tobacco pith 
tissue in vitro has been carried out, the results of which are reported in 
this paper. 


Materials and Methods 


Young rapidly growing internodes of 2—3 ft. tall tobacco plants (Nicotiana 
tabacum, var. Wis. no. 38), grown in seven inch pots in the greenhouse with 
supplementary illumination were used as stock material for the preparation 
of stem segment and pith section cultures. Culture media and methods of 
preparing sterile cultures were essentially those described by Skoog and 
Tsui (8). The basic nutrient medium contained the following substances 
(mg./l.): Ca(NO,), 100, KNO, 80, MgSO, 35, KCI 65, KI 0.5, MnSO, 4.4, 
Fe,(50,), 2.5, ZnSO, 15, H,BO, 1.6, KH,PO, 37.5; glycine 2, thiamine 
hydrochloride 0.1, nicotinic acid 0.5, and pyridoxine hydrochloride 0.5 as 
well as 20 g./l. sucrose and 10 g./l. agar. The pH of the solution was adjusted 
initially to about 5.0 with 0.1 N HCl or NaOH. The vitamins, purchased 
from Nutritional Biochemicals Corp, were used without purification. The 
glycine and indole-3-acetic acid (Eastman Kodak Co.) were recrystallized 
before use. 

Pith tissue sections free from vascular tissue and of uniform dimensions 
were prepared as indicated in Figure 1. Stem segments were cut with a two 
edge cutting tool into one centimeter long cylinders. The cylinders were slit 
longitudinally with a second cutting tool, into blocks which were then cut 
with a scalpel into rectangular pith parenchyma sections of dimensions 
1041 mm. These pith sections were cultured on the surface of 50 ml. of 
nutrient agar medium in 125 ml. Erlenmeyer flasks, Two to four sections 
were planted in each flask in individual experiments, and the cultures were 
grown in.cabinets in a central hallway of the building where conditions, 
although not controlled, remained fairly uniform. The temperature was Ca. 
25° C., and continuous, weak diffuse illumination was provided from 
fluorescent ceiling lights. Growth was measured in terms of changes in fresh 
weight and dry weight of pooled samples of from six to twenty sections for 
each treatment. The fresh weight determinations were carried out rapidly 
by blotting off the surfaces and weighing the samples in glass stoppered 
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Figure 1. Steps in the preparation of tobacco pith 
sections. 


weighing bottles. The dry weights were determined after keeping the sections 
for 48 hours in a forced air oven at 65° C. In general, measurements of 
fresh and dry weights were reproducible within 10 per cent with samples of 
ten sections each, but only results based on much greater differences than 
this between treatments will be considered in this report. 


Results 


Cell Enlargement 


Results of an experiment with serial concentrations, from 0 to 20 mg./l., 
of IAA added to the medium are presented in Figure 2. During the first 
two to three days in culture, all sections generally remain visibly unchanged, 
but some growth occurs as indicated by increases in weights of the sections 
and occasionally in size of individual surface cells. The sections with 0.02—- 
2.0 mg./l. IAA treatments then begin rapid expansion, the exact starting time, 
duration, and final extent depending on the concentration of IAA supplied, 
and apparently also on the growth vigor or other seasonal variations in the 
plant material. The optimal concentration varies slightly from one experi- 
ment to the next but generally is 2—3 mg./l. Higher concentrations of IAA, 
from 4 to 20 mg./l. result in progressively less increase and finally complete 
inhibition of growth. The progress of cell expansion for optimal treatments 
with IAA is shown in Figure 3. The enlargement of the individual cells 
involves marked elongation followed by further increase in volume to pro- 
duce practically isodiametric cells. The cells in the upper surface layers 
expand first, and as they round up into spheres are peeled away from the 
tissue underneath. The process continues for 10—14 days, i.e., until all or 
nearly all the tissue has been transformed into a loose mass of practically 
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Figure 2. Effect of IAA on cell enlargement in pith sections with age of culture. Each 
point is the average value from two experiments with 6—17 segments used for each 
determination. 


Concentrations of IAA 0, 0.02, 6.2, 2.0, and 20.0 mg./l. of nutrient medium. (A) fresh 
weight, (B) dry weight. 


separate giant cells. Many cells undergo about a tenfold increase in volume 
but the optimal average increase for all cells is ca. 6 times. 

It may be seen from comparison of Figures 2a and b, that although 
there is a three to fourfold increase in dry weight, the increase in fresh weight 
(water uptake) is proportionally still greater. These general features of the 
IAA effect have been reproduced consistently in numerous experiments over 
a two year period. 

A complete mineral medium was used above. However, experiments by 
Newcomb (unpublished) have shown that the rapid cell enlargement takes 
place also on media with all nutrients removed except the sugar and IAA. 


Figure 3. Photomicrographs of pith fragments showing stages in IAA induced cell enlarge- 
ment (A) after 6 days; (B) after 16 days ona culture medium with 2.0 mg./l. IAA added. 
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Table 1. Effect of IAA (2.0 mg.|l.) on dry weight, total sugar and reducing sugar content 
of tobacco pith sections. Expt. started Oct. 7, 1950 and harvested Oct. 30, 1950.* 


ee. sterne 


Treatment Average dry oe Total user Reducing sugars 
ae We 8 Bel weight 0/0 of 0/0 of 0/0 of 0:0 of 
Sulture san fresh wgt.| dry wgt. fresh wgt.| dry wet. 
Controle 2 Sl 4.05 69.9 1.55 26.7 
2 5.82 
(O GAYS) Er: 2 5.87 3.93 67.8 1.39 24.0 
INT nee 5.6 5.64 | 258 | 47.6 173 32.9 
(23) days) en... 4.8 5.20 2.67 49.3 172 317 
IAA | 
DDR cee coucsccsccue 15.7 4.25 | 2.36 DI Se 1.49 34.4 
(23 CESS) re 17.4 4.40 | 2.72 62.8 1.43 33.0 


1 Data by Robinson (1950). 
? Values obtained from a composite sample of pith sections. 


In fact, although the sugar is often required, occasionally only the IAA is 
essential, The expansion process, therefore cannot be osmotically controlled 
through salt uptake. Nor is the effect of sugar primarily osmotic, for ana- 
lyses carried out by Robinson (7) shows that in spite of increases in total 
dry weight and sugar content, there is no increase in percentage sugar 
content during the early stages but a gradual drop from an initial 69 to 
48 per cent of the dry weight in the controls and to ca. 59 per cent in the 
IAA treated sections at the end of the growth period (Table 1). Possibly 
the water is taken up by an active non-osmotic mechanism, as has been 
proposed for potato tuber tissue (Hackett and Thimann, 4; Hackett, 3), 
but as increases in cell wall materials, particularly pectic substances occur 
prior to and concomitant with cell expansion of the pith tissue (Wilson and 
Skoog, 9) and pending conclusive evidence to the contrary, the water uptake 
may be a secondary phenomenon of growth accompanying the increase in 
cell surface and regulated by existing osmotic properties of the tissue. 

Extensive anatomical examination of sectioned material has revealed no 
evidence of cell division in control or rapidly enlarging, IAA treated pith 
sections, However, Sterling and Mallott (unpublished) found marked enlarge- 
ment of the nuclei in expanding cells treated with IAA. A detailed cytological 
study of the pith sections with and without IAA treatments for optimal cell 
enlargement is reported by Naylor et al. (6). 


Proliferation and Organ Differentiation 


In attempts to obtain cell division in pith sections free from vascular tissues, 
pure substances which are known to stimulate plant growth, such as adenine, 
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Figure 4. Callus formation at basipe- 
tal ends of pith sections placed in con- 
tact with vacular stem segments. (a) 
control pith section on medium; (b) 
pith section with 2 shorter vascular 
segments placed on top; (c) pith sec- 
tion placed on top of vascular stem 
segments. Age of cultures 2—3 weeks. 


various vitamins and amino acids, were tested in several concentrations with 
negative results. Similarly traumatic acid,! which promotes cell division in 
bean pod parenchyma (English et al, 2) was inactive when applied to 
tobacco pith sections in concentrations of 1, 10, and 100 pg/L. 

Next attempts were made to obtain cell division in pure pith sections by 
placing them in physical contact with vascular tissue of stem segments in diffe- 
rent ways. Replacing the cut pith sections in contact with their contiguous 
vascular tissue failed to induce cell division in the pith, because the vascular 
tissue tended to curve and thus to lose contact with the pith. However, when 
the pith tissues were planted on the agar surface and shorter vascular stem 
segments were placed on their upper surfaces, cell division was obtained 
at the basipetal ends of a few pith sections in each experiment (Figure 4 c), 
and with the inverse arrangement, i.e., with the pith sections on top, so 
that the water and nutrient flow to the pith was passing through the vascular 
segments, induction of cell division was obtained in 95—100 per cent of the 
pith sections in all experiments (4 b), whereas control sections placed directly 
on the medium failed to divide (4a). 

When pith sections were planted in the center of the agar surface and 
were surrounded by, but not in contact with, a large number of stem 
segments, cell divisions were also obtained at the basipetal ends of the 
pith sections. The minimum effective ratio of stem segments to pith sections 
was ca. 8:1 in these experiments. These results demonstrate that the active 
material from ihe vascular tissue is diffusible through agar, and further 
show that the induction of cell division in pith sections on top of vascular 
tissues was not due merely to the arrangement whereby the ends of the 
sections were projecting, free from contact with the medium or other tissue. 
This fact was also demonstrated by placing pith sections one on top of 


1 The traumatic acid was kindly furnished by Prof. Haagen-Smit, California Institute 
of Technology, Pasadena, California, through Prof. F. M. Strong, Dept. of Biochemistry. 
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Figure 5. Effects of (a) coconut meat extract (equi- 
valent to 150 g./l. coconut meat) and (b) malt ex- 
tract (10 °/o) included in the medium on growth and 
differentiation of tobacco pith sections. Age of cul- 
tures (a) 30 days (b) 9 days. 


another or by mounting them on porous gypsum blocks which were placed 
on the agar surface. In the latter case, cell division did not occur. In the 
former case, occasionally one of the two sections, generaliy the one on top, 
exhibited some cell division at the basipetal surface, but invariably much 
less so than pith sections mounted on vascular tissue in the same experi- 
ment. As might be expected, the pith sections themselves seem to contain 
small amounts of the active material but generally less than required under 
the conditions of these experiments to produce visible callus growth. 

As a preliminary step toward isolating the active material, Seitzfiltered 
aqueous extracts were prepared from stem internodes, with epidermis, cortex, 
and most of the pith removed. About 0.1 ml. of extract was applied to each 
pith section by puncturing its surface with a hypodermic syringe. After a 
nine day growth period, callus formation was observed at the basipetal ends 
of the pith sections so treated. However, this effect of tissue extracts was not 
obtained consistently in subsequent experiments. 

Turning to other sources, it was found that when a coconut-meat con- 
centrate (Mauney et al., 5) corresponding to 15 per cent by weight coconut- 
meat was included in the culture medium, very active cell division occurred 
in the pith sections particularly at their basipetal ends but also over their 
entire upper surfaces (Figure 5a). In fact, on this medium the tissue can 
be maintained indefinitely in subcultures, and is capable of differentiation 
to produce vascular strands and organs such as buds. A malt extract (10 
per cent malt per 100 ml. medium (Figure 5b) could be substituted for 
the coconut extract (cf. Blakeslee and Satina, 1). 


Discussion 


The above results show that tobacco pith tissue may be cultured under 
conditions which permit either enormous enlargement of the cells in 
response to JAA without the occurrence of cell division or rapid proliferation 
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of the cells in response to an additional growth factor. However, increases 
in nuclear material are also associated with cell enlargement. 

The nature of the material which induces division of the pith cells is not 
known. Presumably it is not identical with a coconut factor which stimulates 
the growth of carrot tissues, because more highly purified fractions of this 
factor, which are active on carrot tissue, were inactive on tobacco pith tissue. 
Nor is it traumatic acid, the so-called wound hormone, which stimulates 
cell division in bean pod parenchyma. It should be noted that the latter 
substance evidently exerts its effect primarily at the point of application, 
whereas the active material for pith cell division is transported through the 
tissue and exerts its effect first at the basipetal end of the sections. This 
fact, however, need not necessarily indicate that the substance is polarly 
transported, because the distribution of growth may be determined by the 
distribution of auxin. Low concentrations of IAA enhance the effect of the 
active material and were included in the medium in most experiments. 
Results of attempts to characterize the active material by solvent fractiona- 
tion and chromatographic techniques are as yet inconclusive. 

The marked and differential growth responses of the pith tissue cultured 
as described above make it an excellent material for studies of changes in 
respiration, enzyme activities, and tissue composition associated specifically 
with enlargement and/or proliferation of plant cells. The results of such 
studies are reported elsewhere. 


Summary 


Tobacco pith tissue (Nicotiana tabacum, Variety Wisconsin no. 38) fails 
to grow on a modified White’s nutrient agar medium, but undergoes marked 
enlargement resulting in a ca. tenfold increase in size of cells when optimal 
concentrations (ca. 2—3 mg./l.) of indoleacetic acid (IAA) are added to the 
medium. Higher and lower concentrations elicit less response, and 20 mg./l. 
IAA are often completely inhibitory. 

No cell divisions have been found in pure pith tissue either in the absence 
of added IAA or in connection with the cell enlargement in response to 
optimal concentrations of IAA even though there is an increase in nuclear 
material in the expanding cells. Cell divisions do occur, however, in pith 
tissues with attached vascular strands, or in severed pith tissue placed in 
contact with vascular tissues. 

The material active in inducing cell division is obtained in water extracts 
from vascular tissue and various plant products such as coconut milk or 
malt. It is diffusible through agar, but is not replaceable by traumatic acid. 
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In its presence callus formation and organ differentiation as well as conti- 
nued in vitro growth of the pith tissue are obtained. 

The marked differential growth responses of pith tissue to [AA and various 
plant extracts make it an excellent material for studies of metabolic and 
compositional changes associated specifically with the process of enlarge- 
ment or proliferation of plant cells. 
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Tobacco pith slices cultured on a modified White nutrient agar (Skoog 
and Tsui, 1951) undergo marked cell enlargement in response to treatment 
with indoleacetic asid (IAA), but exhibit no cell division under these condi- 
tions unless vascular tissue or plant extracts are also present (Jablonski and 
Skoog, 1954). The following report deals with IAA induced mitoses and 
increases in nuclear material which occur in the absence of cell division in 
such pith tissue. 

For nuclear and other cytological effects of treatments with [AA and 
related compounds see Levan (1939, 1951), D’Amato (1952) and Therman 


(1951). 


Materials and Methods 


Blocks of pith tissue (1041 mm.) from young internodes of Nicotiana 
tabacum (var. Wisconsin No. 38), freed of surrounding vascular tissue, 
were cultured on modified White’s medium supplemented with 2 mg./l. IAA 
(the concentration known to give about optimal cell enlargement). The cul- 


1 Department of Botany, University of Wisconsin, Madison, Wisconsin. This work was 
supported in part by funds from the American Cancer Society upon recommendation of the 
Committee on Growth of the National Research Council, from the Research Committee 
of the Graduate School with funds supplied by the Wisconsin Alumni Research Foundation 
and from a grant by the Rockefeller Foundation to Dr. C. L. Huskins for the Program 


in Cytology. 
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tures were kept up to 500 hours at room temperature (ca. 25° C.) in weak 
diffuse light. Pith pieces were removed at intervals and fixed in chloroform, 
absolute alcohol, and glacial acetic acid (4:3 : 1). Hand sections of fixed pith 
stained with aceto-carmine were mounted directly in Venetian turpentine 
(Wilson, 1945). For squash preparations the tissue was macerated by 
immersion in distilled water for at least 12 hours, hydrolysed in 1 N HCl at 
60° C. for half an hour and stained with iron aceto-carmine. 


Results 


In fresh pith, mitoses were not observed and binucleate cells were rare 
(Table 1). The pith slices cultured on White’s basic medium (without IAA) 
were sampled up to 14 days. In no case, except in a single flask in which 
subsequent histological examination revealed the presence of internal phloem 
elements, were mitoses observed in these controls. It should be noted that 
tissue degeneration sets in earlier in controls than in cultures with IAA and 
includes the deterioration of the nucleus. In cultures supplied with IAA mitoses 
were absent up to 34 hours. Mitotic activity had begun in samples taken at 42 
hours and appeared to have reached a maximum between 46 and 70 hours. 
After about 100 hours, mitoses were quite infrequent, though some were 
found as late as 484 hours. Under these conditions, mitosis therefore prece- 
des the marked enlargement of pith cells which begins at about 3—4 days. 
It is noteworthy that increases in ascorbic acid oxidase and respiratory 
activity (Newcomb, 1951) as well as in pectin content (Wilson and Skoog, 
1954) also precede visible pith cell enlargement. 

Few of the mitoses in cultured pith had the basic chromosome number, 
48, found in root tip meristems. Chromosome numbers in individual nuclei 
ranged from 48 to approximately eight times this number. Especially in the 
early cultures (42 to 70 hours) prophase associations of 4 chromatids, derived 
through endomitosis, were common; these fell apart into units of two by 
metaphase and then separated normally at anaphase. Endopolyploidy in 
pith cells, induced to divide by the application of IAA to wound surfaces of 


Table 1. Increase in Mitoses and Number of Nuclei During Culture. 


oo 


Age of Culture Nuclei in Binucleate Cells 
(hours) Division (0/0) Cells (9/0) Counted 
a ee ai eee 
0 0 0.3 | 1700 
46 2.3 2.4 950 
70 2.8 9.3 740 | 
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Figure 1. Normal late anaphase in a highly polyploid pith nucleus. (X1670) Figure 2. 
Metaphase in a 17 day culture. The arrangement of chromosomes in three groups shown 
suggests a multipolar spindle mechanism. (1038) Figure 3. Synchronized mitoses charac- 
teristic of binucleate polyploid cells. (8 day culture) (1310) Figure 4. Synchrony of 
mitoses involving nuclei with widely differing chromosome numbers. The grouping of 
chromosomes suggests a multipolar spindle mechanism. (1625) Figure 5. Multinucleate 
condition after 21 days of culture. {X772) Figure 6. Closely grouped nuclear bodies, pos- 
sibly resulting from growth and lobing of interphase nuclei during culture. (X 1000). 
‘Photomicrographs by A. Owczarzak.) 
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otherwise intact tobacco plants, had previously been observed in this labora- 
tory by Bradley (1954). Though the numbers of mitoses in cultured pith at 
any one time of fixation were not large, an increase in the number of 
chromosomes in dividing nuclei appeared to occur between 42 and 114 hours. 
This increase may have resulted from endomitoses during treatment, or alter- 
natively nuclei with low chromosome numbers may have been more sensi- 
tive to mitotic stimuli as seems to be the case in IAA-treated, differentiated 
tissues of Allium roots (cf. Chouinard, 1951). 

The mitoses were unevenly distributed in the pith slices. In sectioned 
material up to 114 hours mitoses were usually confined to the cell layers 
near the upper and lateral surfaces. Careful examination of late anaphases 
and telophases for phragmoplast or cell wall formation gave no evidence of 
cell division. This agrees with the marked increase in the frequency of 
binucleate cells which occurred following the onset of mitoses (Table 1). 
Until after the peak period of mitotic activity the number of nuclei per cell 
increased through regular mitoses. In older cultures nuclear behavior was 
more difficult to interpret. The interphase nuclei of many cells became 
enlarged and irregularly lobed; after 100 hours of culture, grouped clusters 
of up to 12 ovoid nuclear bodies were frequently observed (Figure 5). Since 
these bodies were typically found in tight groups, it was frequently impossible 
to determine whether they were independent nuclei or the distended lobes 
of an enlarged interphase nucleus (Figure 6). 

Highly multi-nucleate cells may have arisen through the ordinary mitotic 
processes or by aberrant divisions in which more than one spindle occurred. 
In a number of cases both nuclei in binucleate cells were in normal division 
Figure 3). On the other hand in the later stages of growth, when the inter- 
phase nuclei were diffuse, the rare metaphase figures occasionally showed 
multiple spindles (Figure 2). The continued increase in the number of 
»nuclear bodies» per cell beyond 150 hours was probably not dependent on 
normal mitoses alone, since division figures were quite rare after this time. 


Summary 


Indoleacetic acid (2 mg./l.) induces mitoses unaccompanied by cytokinesis 
in tobacco pith tissue cultured on modified White nutrient agar medium. 
Nuclear divisions are observed within 42 hours and reach a maximum 
by 70 hours after the start of the cultures — well in advance of the rapid 
expansion of the cells which occurs after 3—4 days. No evidence of cyto- 
kinesis was obtained in the pith tissue in the absence of vascular tissues or 
additional exogenous growth factors. 


MITOSIS AND CELL ENLARGEMENT 29 


The mitoses induced with IAA treatment show various degrees of endo- 
polyploidy. By one hundred hours in cultures supplied with IAA many cells 
are multinucleate or contain abnormally »lobed» nuclei, whereas control 
cultures retain the original essentially mononucleate condition for the 
duration of the experiment. 


References 


Bradley, M.: Cell and nuclear size in relation to polysomaty and the nuclear cycle. — 
J. Heredity (in press). 1954. 

Chouinard, L.: Nuclear differences in Allium cepa root tissues, Ph. D. Thesis, University 
of Wisconsin. 1951. 

D’Amato, F.: Polyploidy in the differentiation and function of plant tissues and cells. A 
critical examination of the literature. — Caryologia 4: 311. 1952. 

Jablonski, J. R. & Skoog, F.: Cell enlargement and cell division in excised tobacco pith 
tissue. — Physiol. Plant. 7: 16. 1954. 

Levan, A.: Cytological phenomena associated with root swelling caused by growth sub- 
stances. — Hereditas 25: 87. 1939. 

— Chemically induced chromosome reactions in Allium cepa and Vicia Faba. — 
Symposia Quant. Biol., Cold Spring Harbor 16: 233. 1951. 

Newcomb, E. H.: Effect of auxin on ascorbic oxidase activity in tobacco pith cells. — 
Proc. Soc. Exp. Biol. Med. 76: 504. 1951. 

Skoog, F. & Tsui, C.: Chemical control of growth and bud formation in tobacco stem 
segments and callus cultured in vitro. — Am. J. Bot. 35: 782. 1948. 

— Growth substances and the formation of buds in plant tissues. — Plant Growth 
Substances (ed. F. Skoog): 263 University of Wisconsin Press, Madison. 1951. 
Therman, Eva: The effect of indole-3-acetic acid on resting plant nuclei. I. Allium cepa. 

— Ann. Acad. Sci. Fennicae Ser. A. IV. Biologica 16: (40 pp.) 1951. 
Wilson, G. B.: The Venetian turpentine mounting medium. — Stain Techn. 20: 133. 1945. 
Wilson, C. M. & Skoog, F.: Indoleacetic acid induced changes in uronide fractions and 
growih of excised tobacco pith tissue. — Physiol. Plant. 7. 1954 (in press). 


PHYSIOLOGIA PLANTARUM, VOL. 7, 1954 


Respiratory Responses to Red and Infra-Red Light 
By 
A. C. LEOPOLD and FRANCES S. GUERNSEY. 


Department of Horticulture Journal Paper No. 735, Purdue University 
Agricultural Experiment Station, Lafayette, Indiana, U.S.A. 
(Received July 20, 1953) 


Introduction 


Previous studies of respiratory responses to light have been designed to 
bear upon the argument of whether respiration changes with the commen- 
cement of photosynthesis. Up to the present time there has been little or no 
clarification of respiratory responses related to the influence of light on 
developmental processes in plants, The present study was designed to deter- 
mine whether light treatments which bring about developmental responses in 
plants cause changes in respiration. 

Studies of the respiration of Chlorella have indicated that there is no 
difference in respiration of that organism in darkness or in red light under 
the specific conditions tested (Warburg et al, 1949). From their experiments 
showing no respiratory response these authors conclude that »All theories 
of light action should be in harmony with this now-established thermodyna- 
mic fact». A lack of respiratory response to light in lower plants has also 
been observed by Boer (1929) and by Davis (1950). Earlier work by Audus 
(1947) has indicated that such a lack of response may not be general, for 
he found that light stimulates respiration in the leaves of cherry laurel. 
Respiratory stimulation due to light has also been reported by Paauw (1932). 
Studies of light-sensitive enzymatic processes have occasionally reported 
individual respiratory reactions to be stimulated by light (e.g. Galston, 1949; 
Tolbert and Burris, 1950). 

With the recent demonstration that over-all respiratory changes were 
associated with photoperiodic induction (Elliott and Leopold, 1952, 1954), a 
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further study of the respiratory effects of light would appear to be inte- 
resting. The analysis by Borthwick et al (1952) of the functions of red and 
infra-red light in the interruption of long photoperiodic nights and in some 
other phenomena has provided a convenient tool by which such a study may 
be made. 


Respiration rates were followed using standard Warburg respirometer 
techniques for determination of oxygen consumption. Water baths were 
maintained at 32° C. In the center well of each flask, 0.2 ml. of 20 per cent 
KOH was placed with a 3X2.5 mm filter paper wick. Distilled water (1 mi.) 
was placed in the main flask to bathe the experimental tissue. Manometers 
were read at '/2 hr. intervals, using a shaded fine-point flashlight. Thermo- 
barometer corrections were made for each time interval. 

All tissue manipulations prior to the specified light treatments were carried 
out in darkness. Different light treatments were arranged by using two 
respirometers in separate dark rooms and applying the red and infra-red 
lights directiy above the water baths as needed. Two sets of equipment 
were used so that two different light treatments could be made simul- 
taneously. Red light was supplied by encasing a 60 watt incandescent bulb 
in a glass filter which transmits from 5200 A. The infra-red was supplied 
by encasing a 100 watt bulb behind a gelatin filter containing orange G, 
pontamine fast red, and acid film green. This filter, which transmits from 
7200 A. was kindly supplied by Dr. R. B. Withrow. 

The tissue preparation varied somewhat with the type of tissue. The 
photoperiod-sensitive plants were moved from non-inducing daylengths in 
the greenhouse into radiation chambers on the day before testing. After a 
long day period, they were given seven hours of darkness to simulate the 
first half of a long night. Leaves were then harvested and placed directly 
into the flasks. Generally ten leaf sections (approximately 0.5X0.5 cm.) 
were cut and placed in the Warburg flasks, this being carried out in the 
dark. The flasks were then equilibrated for 1/2 hr. before starting the readings 
and an additional one hour period of darkness was given before starting 
the light treatments. The oat mesocotyl tissue was obtained from 4 day old 
Victory oat seedlings grown in complete darkness. The top was severed 
above the coleoptile node, and the seed and root were also removed, The 
pea stem sections were 1 cm. sections cut from the 2nd internode of 7 day 
old Alaska pea seedlings grown in complete darkness. Dry lettuce seeds of 
the Grand Rapids variety were weighed out before the test was started, using 
0.1 g of dry seeds per flask. The other tissues were dried and weighed after 
completion of the measurements. Results are expressed as microliters of 
oxygen consumed per '/ hour on a dry weight basis. 
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Each of the tests reported in this paper has been repeated from 3 to 14 
times with consistent results. An approximation of the variability experienced 
within any one test can be made by comparing the readings during the first 
hour or two of each test before differences in treatment were introduced. 
In no case did these duplicate readings differ from one another by more 
than 5 ul 0,/0.01 g/half-hour. 


Experimental 


Experiments with red light. In view of the fact that red light is capable 
of destroying the effect of a long dark period in photoperiodism, respiratory 
aspects of this problem were analysed. Leaf sections of two shortday plants, 
cocklebur (Xanthium commune Britton) and Biloxi soybean, and of one 
long-day plant, Wintex barley, were given a seven-hour dark period before 
the commencement of respiration measurements. At that time red light was 
given to one-half of the leaf sections in respirometer flasks and the changes 
in Qo, were obtained as shown in Figure 1. Such tests consistently show 
that the consumption of oxygen is sharply reduced in both of the short-day 
species by the red light. The reduction in the case of cocklebur was as great 
as 59 per cent and in the case of soybean as great as 56 °/o in the experi- 
ment reported. Quite the opposite response was obtained in the barley leaf 
sections in which a stimulation of oxygen consumption was obtained in 
response to the red light. This stimulation was as great as 300 per cent 
as shown in Figure 1. 

In view of the fact that red light of the same wave lengths which bring 
about the photoperiod response also controls dormancy in lettuce, elongation 
of the first internode in the oat, and stem elongation in the pea, respiration 
measurements were also made of these phenomena. 

Red light applied to Grand Rapids lettuce seeds, which had been placed 
dry in the Warburg flasks with one ml of distilled water and allowed to 
soak one hour before the test began, brought about a dramatic increase 
in the consumption of oxygen as shown in Figure 2. This increase was as 
great as 660 per cent at a time interval one and one-half hours after exposure 
of the light. The stimulation was short-lived, and almost disappeared after 
two hours. 

The mesocotyl, or first internode of etiolated Victory oat seedlings, was 
severed from the seed and root and decapitated just above the coleoptile 
node. Exposure of this material to red light brought about a depression in 
oxygen consumption, At the second hour after commencement of red light 
treatment this depression of oxygen consumption was approximately 54 
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per cent in the experiment presented in Figure 2. Experiments using whole 
Avena seeds instead of the isolated mesocotyl did not show the respiratory 
depression in red light reported for the mesocotyl. 

Stem internode sections of Alaska pea of standard length (1 cm) were 
taken from plants grown in total darkness. Exposure of these sections to 
red light consistently resulted in inhibition of oxygen consumption, with 
a maximum effect of 54 per cent inhibition for the experiment reported in 
Figure 2. 

Experiments with infra-red light. In view of the findings by Flint and 
McAlister (1935) that infra-red light could bring on lettuce dormancy, and 
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by Borthwick et al (1952) that the effects of red light can be reversed by 
exposure to infra-red light, experiments were set up to determine whether 
the respiratory difference too might be reversed by infra-red light. 

Using the same photoperiod-sensitive materials, red light was applied to 
all of ihe flasks in these experiments in order to insure greatest responsive- 
ness to the infra-red light. The red light exposure was terminated after one 
hour, and infra-red light was then given to one-half of the flasks for a period 
of one hour. The respiratory responses of sections of cocklebur, soybean 
and barley leaves to the infra-red after pre-iliumination with red light are 
shown in Figure 3. It can be seen that short-day plants, cocklebur and 
soybean, yielded respiratory increases following the infra-red treatment, 
whereas the long-day plant,Wintex barley, yielded a respiratory inhibition. 
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These responses are quantitatively opposite to those obtained with red light. 
Increases as great as 41 per cent were recorded in the experiments reported 
here with the short-day material and inhibitions as great as 74 per cent 
for the long-day material. 

Infra-red light was similarly applied to lettuce seed, oat mesocotyls, and 
pea stem sections after pre-illimunation with red light for one hour. The 
results of these experiments are shown in Figure 4. The infra-red light 
brought about a sharp inhibition (56 per cent) of oxygen consumption in 
lettuce seed. In contrast the infra-red stimulated the oxygen consumption 
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in the oat mesocotyl (150 per cent) and in the pea stem (240 per cent). 
Like the photoperiod-sensitive leaves, these various plant parts responded 
to infra-red light in a manner opposite to their response to red light. 
Preliminary observations of the evolution of carbon dioxide were made 
concomitantly in several of the experiments, using a flask with only water 
in the center well to determine total gas exchange, and calculating Ocos 
by difference. These observations all indicate that the changes in Oo, reported 
here are very closely paralleled by changes in Qco.. It was further found 
that the inclusion of a carbon dioxide buffer (Pardee, 1949) in place of the 
sodium hydroxide yielded consistently higher Qo, values than did the con- 
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ventional technique in which all carbon dioxide is absorbed from the 
atmosphere. 

The apparently cyclic fluctuations in respiration rate discernible in each 
of the four figures were found in all of the tests carried out. Such fluctua- 


tions are suggestive of the diurnal enzyme rhythms reported by Biinning 
(1951). 


Discussion 


From the evidence reported here, it is clear that light can alter the 
respiration of some plant parts. The manner in which respiration is affected 
can be correlated with developmental responses to the light treatment in the 
cases studied. Where the developmental responses are known to be opposite, 
the respiratory responses have likewise been found to be opposite. Thus 
in short-day species which are prevented from flowering by red light applied 
in the night, respiration was inhibited by the red light, whereas in a long-day 
species which is stimulated to flower, respiration was promoted by the 
red light. 

Several developmental responses appear to be controlled most effectively 
by red light of wavelengths from 600 to 640 mu. Among these responses 
are the interruption of sufficiently long dark periods in photoperiodism 
(Borthwick et al, 1948) the breaking of dormancy of lettuce seed (Flint, 
1934), the inhibition of elongation of the mesocotyl of oat seedlings (Good- 
win and Owens, 1951) and the prevention of etiolation in pea seedlings 
(Parker et al, 1949). The similarities in action spectra for these phenomena 
have been discussed in detail by Parker and Borthwick (1950). Red light 
appears to be the most effective in bringing about these responses and 
infra-red in every case tested reverses the effect of the red light (Borthwick 
et al, 1952). These evidences indicate that the same pigment mechanism 
is involved in each of these light responses. The respiration measurements 
reported here, however, indicate that the net effects on metabolism of the 
plants differ between the phenomena mentioned, and are in fact opposite 
between long- and short-day photoperiod species. 

The stimulation or inhibition of respiration by red light appears to be 
correlated with the developmental effect of such a light treatment. For 
example, red light resulted in a stimulation of respiration of longday species 
and an inhibition in short-day species, and the experiment was specifically 
designed so that the red light treatment would be photoperiodically effec- 
tive. A stimulation of respiration was obtained in the lettuce seed and 
inhibitions in oat mesocotyls and pea stems. The lettuce is stimulated in 
growth by the red light and the latter two are inhibited. The response of 
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these various plant parts to infra-red light was in every case opposite to that 
resulting from red light, and so this, too, was correlated with the develop- 
mental effect. It is interesting to note that light treatments which would be 
expected to stimulate flowering produced respiratory responses common to 
light treatments which would stimulate growth. Conversely light treatments 
which would be expected to inhibit flowering produced respiratory responses 
similar to those which inhibited growth. 

The light source used for red light presumably contains both red and 
infra-red rays and therefore we must assume that in our red light treat- 
ments either the effect of the red wavelengths dominated the effects of the 
infra-red, or alternatively that there was more red than infra-red applied. 

In the study by Elliott and Leopold (1952) it was found that the respira- 
tion during the day period of photo-induced and non-induced plants was 
opposite for long- and short-day species. Thus long-day plants showed a 
reduced respiration rate and short-day plants showed an increased respira- 
tion rate with photo-induction. The opposite respiratory behavior reported 
in that paper conceivably may not be the same phenomenon as reported 
here, for in the former case respiration was measured entirely in the light. 
It is interesting to note, however, that one day of photo induction of the 
long-day barley resulted in small increases in respiration rate in the fol- 
lowing light period. This may in fact be the same stimulation of respira- 
tion of barley by light reported here. Likewise, the photo-induction of 
short-day species resulted in increased daytime respiration rates, which 
may be related to the increase in respiration observed in the same species 
here following infra-red treatment, as infra-red would be expected 
to promote flowering (cf. Borthwick et al, 1952). 

It may be concluded that while these various developmental effects of 
light may have the same action spectrum and hence, presumably, the same 
perception pigment, still they do not evoke the same metabolic performance 
in the various plants. Instead, light treatments which produce opposite 
developmental effects likewise produce opposite respiratory effects, both 
with respect to the quality of light applied and with respect to the develop- 
mental sensitivity of the plant part. Thus the growth and developmental 


responses to light may be more closely correlated with the respiratory effects 
than with the light itself. 


Summary 


The effects of red and infra-red light on the respiration of leaf sections 
of some photoperiod sensitive plants and of light sensitive seeds and seedling 
internodes have been studied. The following conclusions have been drawn: 


ST 
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Red light applied in a photoperiodic dark period reduces the oxygen 
utilization of short-day cocklebur and soybean by about half, and stimu- 
lates that of long-day barley about four-fold | 

Red light which stimulates germination of lettuce seeds stimulates the 
respiration about six-fold. Red light which stops the first internode or 
mesocotyl elongation in oat and the stem elongation in pea inhibits 
respiration in these plant parts by about half. 

Infra-red following brief red light has the opposite effect on respiration in 
every instance. 

It is concluded that whereas the pigment which perceives the light in 
these various developmental phenomena may be the same in each case, 
the net metabolic effect of the light is not the same. The developmental 
phenomena may be more closely correlated with the respiratory effects 
than with the light treatment itself. 
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Freudenberg et al (1952) demonstrated the polymerization of coniferyl 
alcohol in the presence of oxidizing enzymes from Araucaria. Addition of 
hydrogen peroxide increased the yield of polymer, and the presence of 
peroxidase in the enzyme preparation was indicated. 

Siegel (1953) reported that eugenol, incubated with tissues of the Red 
Kidney bean embryo, was converted into a lignin-like material when 
peroxide was supplied in the reaction mixture. Characteristic lignin color 
reactions were obtained and the product was isolated in measurable quanti- 
ties by standard procedures used in lignin determination (Norman, 1937). 

Formation of lignin from eugenol was rapid (2.5—5.0 mg./100 mg. dry 
matter in 3 hours), H,0,-dependent, and effected by a cyanide-inhibited 
thermolabile catalyst. The obvious interpretation, that the enzyme peroxi- 
dase participated in the lignin-forming process, was supported by agreement 
between sites of intense deposition of the presumptive lignin and those of 
high peroxidase activity (fibrovascular ring, meristems). 

It was subsequently observed that sections from internodes of Elodea 
densa were highly active in converting eugenol into lignin; that substances 
other than eugenol and thymol serve as lignin precursors, and that the 
properties of the material formed almost certainly place it with naturally 


occurring lignins. 


1 Present address: Kerckhoff Laboratories, Division of Biology, California Institute of 


Technology, Pasadena, Calif. 
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Formation of Lignins by Elodea 


Precursors 


Internodes of greenhouse-grown Elodea densa were cut transversely into sec- 
tions 1—2 mm. in thickness and randomized. Groups of twelve sections were 
incubated at 23° C. with various phenols (0.1—0.2 mmoles in 25-ml. of 0.005 M 
phosphate buffer, pH 4.5) with or without 0.1 mmoles of H,O,. After 6 hours, 
sections were extracted twice in 20-ml. of boiling ethanol, and once with 20-ml. 
of boiling chloroform. Two color reagents were then used to test for the presence 
of lignin in the tissue: some of the sections were treated with the standard phloroglu- 
cinol-HCI reagent; others were chlorinated briefly by immersion in acidified cal- 
cium hypochlorite solution then transferred to cold aqueous sodium sulfite. The 
former reagent yields a red-violet coloration with lıgnin, the latter, suggested by 
Norman (personal communication, 1952) as a more specific test yields a bright 
red coloration. These reagents have been checked repeatedly on a variety of her- 
baceous and woody plants to ensure their reliability. 


Sections incubated without added H,O, yielded a barely perceptible vascu- 
lar color reaction attributable to traces of endogenous lignin. In the presence 
of H,O,, however, melilotic and ferulic acids, eugenol, and thymol yielded 
intense colors indicating the presence of lignins (table 1). Although colora- 
tions were particularly intense in vascular tissue, they were observed in the 
alls of virtually every cell. Monophenol, the benzenediols (catechol, resor- 
cinol, quinol), guaiacol, the benzenetriols (pyrogallol, phloroglucinol), orci- 
nol, gallic acid, and trans-cinnamic acid failed to yield color-producing 
deposits in the tissues, hence gave negative tests for lignin. These findings 
are consistent with the early suggestions of Freudenberg (1939) that eugenol- 
like units serve as lignin-precursors. 


Factors in the deposition of lignin 


Approximately 7.5 gm. (fresh weight) of Elodea sections were placed in a 50-ml 
reaction mixture consisting of eugenol with or without peroxide (both reactants 
4X10~°M) buffered et pH 4.5 or 8.5. At selected intervals, samples were withdrawn 
and extracted successively with water, ethanol and petroleum ether as in previous 
work, in accordance with precautions suggested by Norman (1937). Tissues were 
then dried and placed in 72 per cent sulfuric acid (at least 15-ml./gm. dry matter) 
at 2° C. After 15—18 hours, the digest was diluted to 3 per cent acid and remaining 
non-lignin material hydrolyzed by boiling 2—3 hours. The lignin resudue was 
washed free of acid by centrifugation, dried, and weighed. 


| Lignin was produced rapidly at pH 4.5, but little more than the endo- 
genous content was obtained at pH 8.5; H,O, was required for lignin 
formation (figure 1). 
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Figure 1. Time course for the conversion of 
eugenol into lignin by Elodea (phenol and H20O> both 
410-3M; phosphate buffer 5X10—M). 
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Somewhat less lignin was produced in 24 hours at pH 6 and 7 than at 
4.5, as indicated by a comparison of color reactions. 

Essentially no lignin was produced at 8° C. and relatively little formed 
above 31 C. 

The reduced yields of lignin under alkaline conditions and at elevated 
temperatures might be attributed in part to non-enzymatic processes which 
consume reactants, thereby competing with the enzymatic formation of 
lignin. High temperatures and alkaline conditions favor autoxidation and 
non-enzymatic peroxide oxidation of phenols. Here, it was observed that 
eugenol-containing reaction mixtures at pH 8.5 (23° C.) and at 31-61 
(pH 4.5) acquired a distinct yellow coloration, in contrast with controls at 
23° C. pH 4.5, which remained nearly colorless. 

The effects of variation in eugenol concentration have not been deter- 
mined, but ihe amount of lignin formed in the tissues has in no case 
exceeded 20—30 per cent of the weight of precursor initially supplied; 
increases in H,O, concentration beyond 4 X 10-3 M did not result in increased 
yields of lignin. 

The part of the lignin-synthesizing system dealt with in Elodea was 
cyanide-inhibited and thermolabile, as well as peroxide-limited in its action. 

The conversion of eugenol to lignin was inhibited by 3-indoleacetic acid 
(IAA). A 25-ml. reaction mixture (4<10-3M eugenol and H,O,, pH 4.5) was 
prepared with or without varying concentrations of IAA added. IAA at 
4X10-5 M, inhibited completely the conversion of eugenol to lignin; even 
after 24 hours incubation the IAA inhibition was not relieved. This observa- 
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tion was not unanticipated, in view of the finding that IAA inhibits competiti- 
vely the oxidation by peroxidase of representative phenol and amine substra- 
tes (results to be detailed elsewhere). 

Participation of Peroxidase. Elodea has a high level of peroxidase activity 
as measured by a modification of Willstatter’s method (Siegel, 1953) and 
cannot oxidize phenols in the absence of H,0,. The possibility that oxidizing 
enzymes other than peroxidase might catalyze the conversion of phenols to 
lignin suggested test upon tissues containing phenol oxidases. In the potato 
tuber, approximately 80 per cent of the oxidation of pyrogallol was cata- 
lyzed by phenolase, the remainder by peroxidase (Siegel, unpublished, 1951). 


Approximately 8-gm. (fresh weight) of tuber tissue cut into 5-mm. cubes was 
incubated in 50-ml. of reaction mixture (eugenol and H,O, each 4X107?M when 
present, pH 4.5) for 10 hours. Tissues were then pre-extracted in the same manner 
as Elodea sections. Several cubes were tested for lignin by application of color 
reagents. 


Positive tests for lignin were obtained with tissues which had been supplied 
with eugenol and peroxide but not with cubes incubated in the absence of 
either or both reactants. One gram samples (dry weight) from each group 
were processed in the usual manner for gravimetric lignin determination. 
The content of lignin in tissues given the complete reaction mixture was 
2.4 mg./gm., but weighable quantities of lignin could not be obtained from 
other groups. 

The distribution of peroxidase in Elodea sections was determined by 
their immersion in mixtures of pyrogallol and H,O, (both 10~°M) at pH 
4.5. Pigmentation appeared in sections in less than 1 minute. Addition of 
10°?M KCN or immersion of tissues in boiling water for 15 minutes prior 
to incubation prevented oxidation of the pyrogallol. Essentially all of the 
cytoplasm in the sections developed pigmentation. 

Substituting eugenol for pyrogallol, brown pigments were again deposited 
in the cytoplasm, but the lignin color reactions were given mainly by the 
walls of protoplasts. The brown cytoplasmic pigment formed from eugenol 
was partially soluble in organic solvents. 

Consistent with previous observations comparing leaflets and stems of 
Mimosa pudica, leaves of Elodea, in contrast with the axes, possessed 
virtually no peroxidase activity; lignin has in no case been detected in leaf 
sections incubated under conditions favorable to formation of lignin by 
internode tissue. 

Biogenesis of Hydrogen Peroxide. Since the lignin-forming system indi- 
cated here and in earlier studies is activated by H,O,, the physiological 
reality of the scheme 
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depends, in part, on the availability not only of suitable phenols, but also 
of H,0,. Such compounds as eugenol, coniferyl alcohol and ferulic acid 
are widespread in higher plants as aglucones, in essential oils, and possibly, 
as intermediates in flavonoid synthesis (Geissman and Hinreiner, 1952). 
Umbreit (1952) indicates several metabolic pathways to oxygen yielding 
H,O, as a final product. Although peroxide-generating flavoproteins of the 
purine-oxidase type have not been demonstrated in the green plant, known 
purine transformations in higher plants suggest strongly the existence of 
such enzymes (Bonner, 1950). Kenten and Mann (1952) have shown that an 
a-hydroxyacid oxidase present in plant tissue will produce H,0, when 
supplied with lactate, glycollate, or glyoxylate. 

Using tissues of the bean embryo, experiments were set-up to detect 
coupled systems, wherein H,O, formed by dehydrogenase action would be 
utilized by the endogenous peroxidase in oxidation of pyrogallol, which 
oxidation would be measured. 

Intact, excised embryonic axes from Red Kidney bean seeds were incubated in 
20-ml. reaction mixtures (pH 4.5) containing 1 umole of pyrogallol with or without 
added propionaldehyde. Twenty axes (5.5 mg. of dry matter/axis) were used in 
each mixture. After 25 hours, when pigmentation was evident in tissues supplied 
with aldehyde, acetone extracts of axes were prepared. First, the absorption spectra 
of extracts were determined with a Beckman model DU spectrophotometer in the 
region from 325—460 mu and found to be identical with the spectrum obtained 
for purpurogallin, the pigment formed by peroxidase from pyrogallol (Sumner and 
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Table 2. Formation of H202 from Propionaldehyde by the Red Kidney Bean 
Embryonic Axis. 


tmoles tmoles X 10 of | Calculated H,0, 
aldehyde/axis purpurogallin/axis ? | umoles X 10° axis? 
| 
0 4.02 | — 
100 | 8.92 | 4.90 
300 23.24 | 19.22 | 


1 Reaction mixture: 20 bean axes in 20-ml. of pH 4.5 buffer containing 1 umoles of 
pyrogallol with or without propionaldehyde; incubation time 20 hours. 

2 Determined spectrophotometrically at 440 mu on acetone extracts of tissues. 

3 1 mole of purpurogallin formed= 1 mole H202 consumed; value for endogenous 
pigment production has been subtracted. 


Somers, 1947). Extracts were read against acetone extracts of tissues incubated in 
buffer alone. 

A calibration curve for purpurogallin was then prepared at 440 mu; in the 
range of measurement, 5X 10-3 to 2X 10-2 umoles/ml., optical density was a linear 
function of purpurogallin concentration. 


The production of purpurogallin in the absence of aldehyde was probably 
misleadingly high as a result of the autoxidation as well as peroxidation of 
pyrogallol and, accordingly, was subtracted from the yield of pigment 
obtained with aldehyde. The structure of purpurogallin (Maehly, 1949) 
requires that one mole of H,O, be consumed per mole of pigment formed 
from pyrogallol. Thus, each umole of purpurogallin found can be equated to 
the production of a umole of H,O, (table 2). It must be emphasized, however, 
that the calculated amount of H,O, formed represents only a minimum 
value, since catalatic decomposition, and consumption in other processes, 
have not been determined. It is evident, however, that an aldehydrase is 
present in the tissue, and that H,O, produced in vivo may be utilized in 
the action of endogenous peroxidase, Similar experiments essaying to couple 
amino acid oxidase to peroxidase have been unsuccessful, but preliminary 
evidence suggested xanthine to be a suitable hydrogen donor. 


Characteristics of the Presumptive Lignins 


Presumptive lignin (derived from eugenol and isolated by the 72 per cent sulfuric 
acid method) retained certain aromatic properties: the brown solution obtained by 
treatment of the isolate with ethanol was darkened on addition of ferric chloride; 
the solid itself formed a deep brown solution when treated with KNO. in concentra- 
ted sulfuric acid (Liebermann test for phenols). Nitration of the solid yielded and 


STUDIES ON THE BIOSYNTHESIS OF LIGNINS 47 


intense yellow solution. The ultraviolet absorption spectra (220—320 mu) of pre- 
sumptive lignin from Elodea and endogenous bean lignin isolated by the same 
procedure and dissolved in ethanolic-HCl were essentially superimposable; neither 
substance possessed distinctive absorption maxima, but both exhibited plateaus 
extending from 265 mu to the same point of inflection at 285 mu. 


The classification of an aromatic substance as lignin depends in part on 
the demonstration that its solubilities are lignin-like. Determinations of 
solubility have been carried out using color tests to observe the disap- 
pearance of in situ lignin (that is, lignin in Elodea sections). 

After pre-extraction of Elodea sections in which lignin had been deposited, 
a number of them were placed in each of several solvents. Those solvents 
which extract lignins from plant tissue, acidified alcohols, cold per cent 
ethanolic KOH, and boiling aqueous calcium bisulfite, removed the color- 
producing deposit from Elodea sections. Neutral ethanol, acetone, chloro- 
form, petroleum ether, water, and dilute acids, solvents typically unable 
to remove lignin from plant tissue, failed to remove the chromogenic pro- 
duct. It was noted, however, that hot, neutral butanol effected a partial 
removal of deposited material. Chlorination of sections rendered the con- 
tained lignin soluble in neutral ethanol. 

Isolated material differed from that in situ in being slowly soluble in hot 
ethanol and acetone. 

Analysis of the lignin formed from eugenol through the action of peroxid- 
ase shows that the product contains 62.81 per cent carbon, 6.64 per cent 
hydrogen, and has a methoxyl content of 14.98 per cent. These values are 
essentially identical with those well established for spruce lignin, of 65—66 
per cent carbon, 6 per cent hydrogen, and 15—16 per cent methoxyl. It 
should be noted that these values differ markedly from those for eugenol 
itself, which contains 73.2 per cent carbon, 7.31 per cent hydrogen, and 
18.9 per cent methoxyl. This difference indicates that the eugenol molecule 
has become relatively richer in oxygen in the course of its transformation 


to lignin. 


Discussion 


The evidence presented here is fully consistent with the thesis that a 
lignin is indeed produced by the action of peroxidase or a peroxidase-active 
enzyme on eugenol and similar phenylpropane derivatives. Considering its 
aromatic origin, chromogenic properties, and solubility, together with its loca- 
lization in tissues, the substance produced from eugenol (and probably from 
the other apparent precursors) must be classed as a lignin to the exclusion of 
other plant constituents. The product is probably not identical with any 
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particular natural lignin, although the results of chemical analysis indicate 
that it must be quite similar to spruce lignin in constitution. 

The conversion of eugenol to lignin should be regarded as a model of a 
possible physiological process. Two of the components of the model system, 
peroxidase and the phenylpropanes, are widespread in plants, and the third, 
hydrogen peroxide, may be of common occurence. The anomalous rate and 
extent of lignification demonstrated may be rationalized by assuming that 
the reactants provided were in excess of the natural supply. 


Peroxidases are characteristically less specific in substrate requirements 
than the phenol oxidases (Sumner and Somers, 1947) and the inability of 
the latter to effect lignification may be merely.a matter of substrate speci- 
ficity. Alternatively, it may be supposed that eugenol is oxidized differently 
by the two enzymes in vivo. The polymerization of C,—C, units has been 
characterized as a process favored by mildly oxidizing conditions (Gortner, 
1949, and Bonner, 1950). Thus, the enzyme or enzymes involved in poly- 
merization may participate only to a limited extent in the overall process, 
which would then be largely non-enzymatic. Direct non-enzymatic oxidation 
of these phenols, however, yielded highly pigmented products, but no lignin. 


Probably, several reactions intervene in the conversion of C,—C, units 
to lignins. Peroxidase in the cytoplasm may activate the phenylpropane 
substrates, with secondary processes, enzymatic or otherwise, controlling 
the formation of lignin or non-lignin end products of oxidation, In such a 
case, the proposed secondary steps in lignin formation would occur in 
cytoplasmic regions in intimate contact with the cell wall. Conditions at the 
wall-cytoplasm boundary must necessarily differ from those within the 
central mass of the cytoplasm with respect to physical and chemical diffu- 
sion gradients, as well as surface phenomena likely to influence the course 
of chemical reactions. 


The role of [AA as an inhibitor of lignification is extremely suggestive. 
Independent of its direct activities in controlling growth, IAA as a natural 
auxin might be postulated to serve as a regulator of peroxidase, hence of 
lignification. The high levels of auxin in rapidly elongating organs would 
suppress lignin deposition, thereby preventing a loss of extensibility by cell 
walls; with the approach of maturation and the decline of auxin level, the 
inhibition of peroxidase would be relieved and the lignification of cell walls 
increased. The »control» of lignin formation by IAA might also be employed 
to facilitate interpretation of various growth phenomena in broad-leaved 
plants. Naturally, if such a system has physiological reality, meristematic 
tissues would exhibit relatively little lignification in spite of a complement 
of oxidizing enzymes because of inhibitory auxin levels. 
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Summary 


Sections of Elodea stems formed lignin when supplied with certain 
phenolic compounds. Nearly 15 mg. of lignin/100 mg. of dry matter was 
produced in 20 hours, and color tests showed deposition to have occurred 
mainly in cell walls. Hydrogen peroxide was required and a cyanide-inhi- 
bited, thermolabile agency was involved in lignin formation. Hence, the 
participation of peroxidase was inferred, as in previous studies. 

Ferulic and melilotic acids, eugenol, and thymol served as lignin presursors, 
whereas cinnamic acid and a variety of phenols lacking the C, side chain 
failed to form lignin. 

Somewhat more lignin was formed from eugenol at pH 4.5 than at a pH 
of 6 or 7, but little was produced at pH 8.5. Lignin formation was retarded 
at 8 C. and at temperatures above 31°C. An auxin, 3-indole-acetic acid, 
inhibited completely the conversion of eugenol-peroxide mixtures to lignin 
at a concentration of 4X10-5M. 


Tissues of the potato tuber formed lignin only when H,O, was supplied, 
indicating the non-participation of potato phenolase. Elodea leaves con- 
taining only traces of peroxidase activity, failed to produce lignins. 


Embryonic axes of the Red Kidney bean, which were used in earlier 
investigation of lignin formation, oxidize pyrogallol when supplied with an 
aldehyde indicating that operation of the endogenous peroxidase had been 
coupled to a peroxide generating aldehydrase. 

Little doubt remains that a true lignin was formed from eugenol when 
consideration is given to (a) the nature of the precursor, and its postulated 
role in lignin genesis; (b) the characteristic color test for lignin obtained; 
(c) the standard method used in isolation of the product; (d) the localization 
of the product in cell walls; and (e) the solubility properties which were 
comparable with those of natural lignin. 
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The work reported here was primarily designed to study the influence of 
different levels of light intensity and temperature on the course of tissue 
formation in vegetative plants of Lolium. At the same time it sought to 
ascertain whether the techniques of growth analysis could give some under- 
standing of how differences in the vigour of growth arose. The two types of 
Lolium chosen for study were know to differ considerably in their rate of 
growth during the cooler periods of the year. This paper provides informa- 
tion complementary to the morphological data presented in the first paper 
of the series (Mitchell 1953 a) and gives indirect support to the ideas pre- 
sented in the second (Mitchell 1953 b). The results are from plants grown in 
some of the experiments described in those papers. 

The concepts of growth analysis were developed to define the infiuence of 
differences in rate and pattern of tissue formation on the growth of a plant as a 
whole. A comprehensive outline of the current outlook of a group of workers who 
have made important contributions to this field of investigation is given by Watson 
(1952). Earlier, Williams (1946) pointed out the mathematical scope, and limitations, 
of the techniques used. Hence, a very brief outline of previous developments 


suffices. 
Blackman (1919) in his Compound Interest Law postulated the growth of a plant 


as a continuous process in which the increase in dry matter per unit time is propor- 
tional to the total dry weight of the plant. Size after any given time is therefore 
dependent on three factors: — 

(a) Initial weight. 

(b) »Efficiency index», or as it is now termed »relative growth rate». 

(c) Period of growth. 


[51] 
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Relative growth rate was considered the critical measure of a plant’s growth 
efficiency. Although often approximately constant during the period of active 
vegetative growth, it generally declines as the plant nears maturity. 

In their consolidation of previous ideas West, Briggs and Kidd (1921) indicated 
that relative growth rate was determined by two components. 

(a) Leaf area ratio, i.e., the ratio of leaf area to total dry weight of the plant. 
This is a measure of the proportion of assimilating tissue. Some subsequent workers 
have used leaf weight or even leaf protein nitrogen, instead of leaf area, for this 


purpose. 
(b) Unit leaf rate, now more commonly termed »net assimilation rate» (abbrevn. 
N.A.R.) — per unit leaf area, leaf weight etc. This is the rate of formation of dry 


matter per unit of assimilating tissue. For a period between two sampling occasions 
(ti and t2) it can be calculated from the equation 


W2—W1,, log, A2—log, Al 
Desi Ao Aa 


where W1 and W2 are the initial and final plant weights and Al and A2 the initial 
and final leaf areas. 

At first sight leaf area ratio and N.A.R. appear to be the two fundamental indices 
of the efficiency of growth of a plant. 

Subsequently this type of analysis has been used to study the influence on the 
growth of a number of species of crop plants of environmental and genetic factors 
(e.g., Gregory 1926, Williams 1939, Watson 1947). These factors can influence 
both leaf area ratio and net assimilation rate. Generally the experimental results 
indicated that it was changes in leaf area ratio rather than in net assimilation rate 
which were mainly responsible for variations in the relative growth rate of the 
plants. 


Experimental Methods 


Most of the results discussed in this paper are from the groups of plants grown 
under constant light and temperature conditions in a cabinet. The cultural treat- 
ment and methods of preliminary selection of plants have been described previously 
(Mitchell 1953 a). 

At the beginning of each trial, namely when the plants had three or four leaves 
on the main stem, two uniform groups of 18 plants were selected. One was placed in 
the cabinet after the dimensions of each leaf had been measured to determine leaf 
area. The other group was harvested, the area of the leaves measured, and the 
dry weight of the leaves, »stems» and roots determined. This provided the informa- 
tion required for calculating a regression of total dry weight on leaf area. From 
that an estimate was made of the weight of each plant placed in the growth cabinet. 

The accuracy of this procedure could be checked by using the regressions to 
estimate the weights of the individual plants in the group which had been harvested 
for dry weight determinations etc. These tests showed that for individual plants 
the error of estimate might reach 15 per cent but the group mean would be well 
within 5 per cent of the true mean. 

Each trial normally continued until the majority of the plants were showing the 
eighth leaf on the main stem. At the conclusion of each trial the length and median 


GROWTH OF RYEGRASS 53 


width of each leaf on every plant were measured. By the use of correction factors 
derived from a one-in-six sample of leaves, for which additional measurements 
were made, the true leaf area of each plant could then be calculated to an accuracy 
of within +2 per cent. At harvest each plant was separated to leaf, »stem» 
(mainly sheathing leaf bases), and root. The dry weight of each portion was 
determined after drying for 24 hours at 105° C. 

In all trials in the growth cabinet a comparison was made between Aberystwyth 
$23 (abbrevn. S23), an English type of Lolium perenne, and Short Rotation 
(abbrevn. SR), a New Zealand selection from hybridisations between L. perenne 
and L. multiflorum. 

The light and temperature conditions used in the cabinet were as follows. 


Light a ; Temperature | Abbreviation 
Duration Intensity | Day | Night SRE 
10 hours | 700 ft. candles | 55ER | 45° F 700—50 
10 » | 700 » » | 70° F 60° F 700—65 
10 » 2000 » » 55 EF 45° F 2000 —50 
10 » | 2000 » » 70° F 60° F 2000 —65 


The statistical procedure was the same as previously outlined (Mitchell 1953 a), 
namely direct »t» test comparisons between individual groups. In the tables a 
single asterisk (*) directly between two results indicates that the difference between 
them reaches the 5 per cent level of probability. A double asterisk (**) indicates 


the 1 per cent level of probability. 


Results 


The weights and leaf areas of the plants at the conclusion of the trials 
are shown in Table 1. As the period of growth varied the data are no 
measure of speed of growth. Their main usefulness is to record in absolute 
terms the weight and leaf areas of plants at approximately equal stages of 
morphological development (as judged by number of leaves on the main 
stem) but grown under the different light intensity and temperature levels. 
Plants grown at 2000 foot candles were always far bigger than those grown 
at 700 foot candles; raising temperature from 50° F to 65° F, generally, but 
not always, gave a reduction in weight at equal morphological age. 


Relative Growth Rate 


As would be expected from the information in Table 1, raising either 
temperature or light intensity increased relative growth rate (Table 2). 

These differences in relative growth rate can arise from a plant having 
a higher net assimilation rate, or from its using a greater proportion of its 
assimilate to produce fresh leaf tissue. 
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Table 2. Relative growth rate per week for the whole plant. 


Qt 


Qt 


Strain 700—65 | 700 —50 | 2000—50 2000—65 
| | 
| SR | 0.57 ** 034 ** 0.75 ++ 1.08 | 
| xe | — | x x 
| S23 | 0.51 = 0.32 xx 059 x*# 0.96 
ISA) | | 
0/0 Diff. (S53) +12%| + 6% | +27%| +130%0 


Co-efficients of variation range from 3 °/o to 10 %o. 


Net Assimilation Rates 


The concept of net assimilation rate was originally formulated in terms 
of increment in dry weight per unit leaf area (West, Briggs and Kidd 1921) 
and a large proportion of subsequent workers have preferred to use this 
estimate of quantity of assimilating tissue. Accordingly a considerable effort 
was made in these experiments to determine accurately the area of the 
leaves on each plant. 

However, it was found that the pattern of relationships between treat- 
ments and between the two genotypes was considerably different depending 
on whether the calculations of net assimilation rate were based on leaf area 
(Table 3) or leaf weight (Table 4). This arises from the big differences in 
leaf weight per unit area caused by the differences in light intensity, and 
temperature, and genotype (Mitchell 1953 a). 

For the plants grown in these experiments the writer considers leaf weight 
a more satisfactory measure of quantity of assimilatory tissue than leaf area. 
Any conclusion that efficiency of energy assimilation can be dependent on 
area of leaf surface alone, and independent of leaf characters such as 
thickness and content of assimilatory pigments, appears logically impro- 
bable, Actually Gabrielson (1952) recently found that energy yield is highest 
in thick sun leaves, less in thin sun leaves, and least in thin shade leaves. 
He concludes that the light absorption of leaves is not only dependent on 


Table 3. Net assimilation rate — per unit leaf area 1 (gm. per sq. dm. per week). 
| Strain | 700—65 | 700—50 | 2000—50 | 2000—65 
| | 
| | | 
| SR | 0.13 0.10 0.33 | 0.37 
| $23 | 0.14 ga 032 ) 0.42 
| one SA | — 7040 | 310% | +3% | — 12% 
4 1 AY eye = | az ne 4 = 
| (S23) | | | 


1 Weighted means. 
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Table 4. Net assimilation rate — per unit leaf weight (gms. per gm. of leaf tissue per week). 


Er 
| | 


| Strain 700—65 | 700 —50 | 2000-50 | 2000—65 
| SR | 0.90 = 0.61 I. 1992 ei 1.90 | 
| $23 | 0.87 ne 0.62 2 sé HH 1.83 | 
| 0/0 Diff. a + 3 0/o | — 2% | +2 vo 140% | 


/ 
/ 


Co-efficients of variation range from 6 °/o to 12 °/o 


chlorophyll concentration, but also on the leaf thickness. Accordingly, 
subsequent comments are based on the values for net assimilation rate per 
unit leaf weight. 

For the range of conditions used light intensity, more than temperature, 
governed the speed of assimilation. 
The assessments indicated that there was little, if any, difference in net 
assimilation rate between SR and S23 when grown at 65° F. At 50° F the 
same situation held, only if light intensity was low (700 foot candles). At 
the higher light intensity (2000 foot candles) the net assimilation rate for 
SR was 24 °/o higher than for S23. This would in large measure account 
for the superior winter growth of SR. On a cool, dull day neither strain 
will make much growth but on a cool bright day the assimilatory mecha- 
nism of SR can take much better advantage of the extra light. 


Leaf weight ratio and distribution of dry matter in the whole plant 


The differences between SR and S23 in N.A.R. per unit leaf weight are 
generally smaller than the corresponding differences in relative growth 
rate. Hence the tendency of SR to produce a higher proportion of leaf 
tissue (Table 5) was to be expected. At 2000—50 where both the relative 


Table 5. Percentage distribution of dry matter in whole plant and leaf weight ratios. 


700 —65 700—5 92000 ur 
Parts of plants a 000—50 2000—65 


SR | $23 SR | $23 SR | $23 SR | $23 
Leaves: keene 61 56 53 49 47 46 56 Bi 
SStemss ae 97 33 32 37 33 35 30 34 
Roctsas ee eee 12 11 15 14 20 19 14 ‘lk 
Halo oo ER sell 1.50 5 
Scene LI 114 | 095 | 090] o.86 | 1.29 | 1.04 


For the leaf weight ratios an analysis of variance gave f values as follows, plant type 
62.7 **, treatment 98.1 **, and interaction 5.2 **, 
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Figure 1. The root systems of plants of SR grown at 22°C and 9 °/o daylight (left) 

and 14° C and 100 °/o daylight (right). The photographs are to scale and the plants are 

at the same stage of development as judged by number of leaves on the main stem. 
The plants photographed were grown in a subsequent trial. 


growth rate and N.A.R. were much higher for SR than S23, there was only 
a 5 per cent margin between leaf-weight ratios. Under the other conditions, 
differences ranged from 20 % to 24 °/o and would in large measure 
account for the differences in relative growth rate. 

The proportion of the total dry matter present in the leaves of the plant 
was lowest at 2000—50 and was raised by either lower light intensity or 
higher temperature. 

For the root system just the reverse held. It formed the smallest propor- 
tion of the plant at 700—65 and the highest at 2000—50. Even at the 
extremes of treatment the range was only from 12 % to 20 ‘0. 
Nevertheless these apparently small differences concealed large changes in 
appearance. At 700—65 it was composed entirely of thin wavy fibrous roots. 
They were a little more robust at 700—50, but when light intensity was 
raised, an entirely new type of root appeared. These were the thick glossy 
straight white roots described for ryegrass by Jacques (1937). At 2000—65 
there was a mixture of the two types of roots but at 2000—50, where the 
proportion of root was greatest, the white type constituted almost the whole 
of the root system. Figure 1 illustrates an extreme example of these diffe- 


rences. 


The effect of shade and partial defoliation on the distribution of assimilate 


The changes in pattern of morphological development of the plant which 
can result from an increase or decrease in light intensity or from partial 
defoliation have been previously described (Mitchell 1953 a). It was also 
found that such treatments, whose effect is to vary the supply of energy 
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Table 6. Percentage distribution of dry matter increment during 9 day period following 
application of treatment differences outlined. Results for SR and S23 are combined. 


| Total dry matter Percentage distribution 
| Treatment increase per SS 
| plant (mg) [Leaves 0/0 »Stems» °/0| Roots 0/0 
De es FE Te Panne ee RS ee 

l 

Open — 1.00 light (me 43 | 22. | 35 

SOE AONE 1 Shaded — 0.38 light 35.6 59 | 23 | 18 

SER Open — 1.00 light 17.5 70 | 22 | 8 

Bu N Shaded — 0.38 light 12.7 sj 48 | 6 


available to the plant, cause equally rapid changes in the proportion of leaf 
and root. Generally the readjustment is complete within a week. This implies 
that some parts of the plant have grown much faster than others and that 
there has been at least a re-direction of currently formed assimilate. For 
plants grown in the shading and partial defoliation experiment referred to 
earlier (Mitchell 1953 a), the percentages of the total dry matter increment 
represented by gain in leaf, »stem», and root weights respectively, for the 
nine-day period after the treatment differences were applied, are shown in 
Table 6. The partial defoliation removed 75 per cent of the leaf tissue but left 
the »stems» and growing points untouched. The plants were grown in an 
unheated glasshouse during May and June. 

Shading more than halved the total increase in weight, defoliation reduced 
it to about one quarter, and defoliation plus shading reduced it even further. 

Where undefoliated plants were left in full light 43 per cent of the total 
gain in dry weight occurred in the leaves. This rose to 59 per cent where 
the plants were shaded, 70 per cent where defoliated, and reached a maxi- 
mum, 86 per cent, where plants were both shaded and defoliated. For the 
roots the trends were the reverse, and with shading plus defoliation they 
received only 6 per cent of the total dry matter increment. 

It would appear that as the supply of energy metabolite available to these 
plants- is decreased the proportion of that metabolite used by the active 
meristematic centres closest to its point of origin in the plant increases. 
Hence the large increase in relative growth of leaves compared with roots. 

Any suggestion that the roots had initially supplied »reserves» to the 
leaves and were only starting to receive assimilate in return received little 
support from the data for the succeeding 9 day periods (Table 7). Where 
the defoliated plants were left in full light, the percentage of assimilate 
appearing as fresh dry matter in the roots increased steadily, as the leaf 
tissue was built up, and eventually reached the same level as for unde- 
foliated plants continuously in full light. On the other hand, if the plants 
were in the shade, where they made very poor growth, the proportion of assi- 
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Table 7. Percentage distribution of dry matter increment during successive 9 day inter- 
vals after defoliation and application of differences in light intensity. Results for SR and 
S23 are combined. 
eee 


a Open — 1.0 light | Shaded — 0.38 light 
Leaves 0/0 »Stems» °/0) Roots 0/0 |Leaves 0/0) »Stems» o/0| Roots 0/0 
| | 
td dar oho d ene | 70 22 ee) a 8 | 6 
| 9—18 day 5 | 2 Tea) 
23 BY Syn ee | 51 | 22 | 27 73 17 10 
OS 27 days 0. | 42 | 23 | 35 | 6 | 2 11 


milate apparently reaching the roots remained low and even in the third 9 day 
period had risen to only 11 per cent. That these low levels could be main- 
tained for several weeks would suggest that the sudden initial decline in 
rate of increase of root weight, and the consequent change in plant propor- 
tions, can be attributed much more to the failure of fresh assimilate to 
reach the roots than to any major transference of »reserves» from roots 
to leaves. 


Rate of tissue formation by a single tiller 


Previous discussion has been concerned with rate of growth and relative 
proportions of the plant as a whole. 

However, in the type of ecological association to which these ryegrass 
types characteristically belong, for example, the grazed pastures of Europe, 
the individual plant, such as discussed in these papers, tends to lose its 
identity. The rooted tiller often becomes the ecological unit. Where the 
association is stable the number of tillers per unit area will remain approxi- 
mately constant over a period of years. Therefore, it may often occur that 
the influence of light and temperature conditions on the contribution of 
such species to the total growth of an association can be better represented 
by data for the rate of tissue formation by individual tillers than by relative 
growth rates of a free growing plant unit. 

Measurements of the rate of elongation of successive leaves, together with 
records of the linear dimensions and weight per unit area of every leaf, 
made it possible to assess this for the main stem tiller of each plant. Evi- 
dence given earlier (Mitchell 1953 a) indicates that at a first approximation 
this will be representive of the rate of tissue formation of all except the 
very young tillers on the plant. 

Figure 2 shows the weight of tissue formed per day by the main stem 
tiller of plants grown under constant light and temperature conditions. 
Where both light intensity and temperature were low (700—50) it remained 
approximately constant, between 8 and 10 mg dry weight per day, for both 
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Figure 2. The weight of tissue formed per day by the main stem tiller. For all except 

the group at 700—50 the period covered by the graph was from shortly after the 3rd leaf 

on the main stem had appeared on all plants up till the time when the eighth leaf on the 

main stem had appeared on most plants (leaf appearance ge 3.6 to 7.9). The departures 

from a linear trend over this period are considered mainly due to certain fluctuations 

in light intensity associated with the ageing of lamps and their subsequent replacement 
with new ones. 


types. Where either temperature or light intensity was higher there was a 
continued and almost linear increase in daily rate of tissue formation. 
Towards the end of the experimental period the main stem tiller of plants 
at 2000—65 was forming approximately 35 mg of tissue per day. 

The general pattern of response to the different light and temperature 
conditions shown by this single centre of growth was much the same as for 
the relative growth rates of the plant as a whole. There is the same relatively 
small response to a rise in temperature unaccompanied by an increase in 
light intensity, but the failure of S23 to show much response to an increase 
in light intensity, if temperatures remained low, was even more marked 
where the growth of a single tiller was considered. 

Two further points arise. Firstly, the increase in rate of tissue formation 
on the individual tiller during the experimental period was accomplished, not 
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by faster appearance of successive leaves but by the formation of bigger 
leaves (Mitchell 1953 a). Secondly, the steady increase in daily rate occur- 
ring under all except low light and temperature conditions cannot be excep- 
ted to continue indefinitely. Just where the levelling off occurs under various 
conditions is at present being determined. 


Discussion 


Earlier studies, such as those of Watson (1947) have shown net assimila- 
tion rate to be affected by climatic conditions and that there are differences 
between species or even between varieties of the same crop. The present 
results take the position a step further and indicate that there can be 
interactions of major importance between varieties on the one hand, and 
light and temperature conditions on the other hand. For example, the results 
suggest that the more vigorous growth of SR during winter is largely due 
to its superior assimilatory powers on cool but bright days. 

However, before there can be any conclusions on the potential agricultural 
usefulness of net assimilation rate values as indices of growth efficiency of 
pasture grasses, two issues have to be determined. Firstly, the order of 
difference in net assimilation rate values which would be responsible for 
economically worthwhile differences in yield. Secondly, the precise physio- 
logical significance of values determined by the standard procedure outlined 
in the introduction. 

To clarify the first point some calculations were made. The net assimila- 
tion values required for a plant originally 10 mg. to grow to 50 mg. or to 
500 mg. at the end of 5 weeks were calculated. Then the percentage increase 
in net assimilation rate which would produce plants 20 per cent or 100 
per cent larger at the end of the same period was assessed (Table 8). Plant 
proportions and initial and final weights were chosen to be broadly repre- 
sentative of the levels actually found in the trials. Agriculturally 20 per cent 
would be a valuable increase, and 100 per cent spectacular. 

With a relative growth rate of 0.783, only an 18 per cent difference in 
net assimilation rate is required to double the plant weight, and for a 20 
per cent increase in weight it needs to go up only 5 per cent. With faster rates 
of growth such as occurred at 2000—65, and are recorded under outside 
conditions, the differences in net assimilation rate required to produce 
important yield differences would decrease correspondingly. They fall to 
a level where extreme precision is required to measure them. 

It is doubtfully practical to attempt such precision in the normal type of 
field experiment. Actually, the results of even recent studies in which net 
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Table 8. Per cent increase in net assimilation rate per unit leaf weight to give a 20 °/o 
and 100 °/o increase in final weight compared with the specified plants at end of 5 weeks. 


Plants 500 mgms. Rel. gr. Rate 0.783) Plants 50 mgms. Rel. gr. Rate. 0.322 


20 0/0 Increase | 100 0/0 Increase} 20 0/0 Increase |100 0/0 Increase 


Per cent increase in 


| 
NU AU Ra Oe eae 5 18 11 | 43 


assimilation rate has been determined have been characterised by great 
variability. In one rather extreme case a co-efficient of variation of 334 per 
cent is quoted (Blackman and Rutter 1948). 

This considerable variance, frequently present in the results, would have 
resulted on the one hand in real differences in efficiency of assimilation 
not being detected, and on the other, in conclusions that no differences 
were present when in fact the data were not good enough for the diffe- 
rences to be detected. Heath and Gregory (1938) went so far as to suggest 
that some similarities in the means of assessments ranging from 0.25 
gm./dm?./week to 0.72 gm./dm?./week could be considered indicative that 
all plants in their wide range of environments show practicaliy the same 
net assimilation rate during the vegetative phase of development. 

As considerable experimental effort is needed to determine this index of 
growth efficiency of crop plants with the order of accuracy which the 
above calculations indicate may often be required, it becomes important to 
understand its precise physiological significance. Can assessments of net 
assimilation rate be validly used for comparisons between species of plants 
with differing forms of growth, or equally, for comparisons of the same 
species at different stages of development or growing under widely different 
environmental conditions? Not only the proportion of leaf, stem, and root, 
but also the type of the tissue being formed, e.g., active protoplasm or 
lignified cell walls, may differ greatly. 

In an actively growing plant or animal there is a considerable expenditure 
of energy, and hence chemical substance, for — 

(a) »Work of growth», namely the transformation of amorphous nutrients 
to complex substances and organisms. 

(b) »Maintenance cost», namely the many irreversible energy losses which 
are »perhaps in part at least the price paid for maintaining the thermo- 
dynamically unstable and statistically improbable complexly living, growing, 
evolving, configuration in the face of the opposite tendency of levelling 
disorganisation to increase in entropy.» (Brody 1945). 


This is in addition to the energy present in the final substance of an 
organism. 
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From the above description of the position it follows that the expenditure 
of energy for »maintenance» will be much greater where the plant develops 
a high proportion of metabolically active tissue, e.g., leaves, than where a 
considerable weight of relatively inert substance, e.g., wood tissue, is formed. 
Kidd et al. (1921) reported that in comparatively mature sunflower plants, 
112 days from germination, the respiratory index of the stem was a quarter 
that of the leaves. Bonner and Galston (1952 p. 223) state that for carrot the 
respiratory rate is approximately 18 times as great, per gram fresh weight, 
for mature leaves as for storage root. 

It will be remembered that net assimilation rate is defined as rate of 
increase in dry weight per unit of assimilating tissue. The conventional 
calculation which treats all forms of dry matter as equivalent therefore 


ignores — 
(a) The differences in calorific content of various types of plant substance 
— polysaccharides, protein, etc., — probably a minor point. 


(b) The large differences in quantity of energy required to form and 
maintain the various types of tissue which can be produced by plants. 

Therefore it becomes extremely difficult to give any physiological meaning 
to values of net assimilation rate, where comparisons are made between 
different species or between the same species grown under different environ- 
mental conditions. There may be large differences in form of growth and 
pattern of energy metabolism. For example, it has been found, in fertiliser 
experiments, that although a high level of soil nitrogen, as compared with 
a shortage, gives much faster growth for the plant, there is no detectable 
change in net assimilation rate per unit leaf area (Gregory 1926). A higher 
proportion of leaf tissue is formed by the high nitrogen plants. Considera- 
tion of the views presented above indicates that the conventional calculations 
are being applied to different metabolic situations which probably by chance 
give the same numerical answers. Actually, it has been found that the net 
assimilation rate per unit of leaf protein nitrogen is lower for plants with 
a good supply of nitrogen, i.e., growing faster, than for plants receiving 
small quantities of nitrogen (Williams 1939). 

It cannot be gainsaid that determinations of net assimilation rate indices 
used in growth analyses have been of value in establishing broad generalisa- 
tions concerning growth. Rather it is sought to draw attention to the peint 
met by the author in summing up the results presented in this paper. The 
limitations inherent in such a generalised index of assimilatory efficiency 
place severe restrictions on its usefulness as a tool for understanding the 
energy relationships of growth physiology. 

Insofar as a fairly precise and quantitative assessment of these relation- 
ships is a major aim of the present work, consideration has to be given to 
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alternative approaches to the problem. An examination of the distribution 
of assimilate between leaf, stem, and root (c.f. Pohjakallio 1951), or as a 
further development between the cell walls, protoplasm etc., may prove a 
satisfactory method of approach. If this could be linked to assessments of 
the relative quantities of energy required for the formation and mainte- 
nance of such different types of tissue or its components it would probably 
be a basis on which the energy efficiency of different species or plants 
growing under different environments could be quantitatively compared. 
The distribution of metabolites could then be directly linked to present con- 
cepts.of the course of energy metabolism cycles. 


Summary 


Using a controlled environment cabinet the influence of different levels 
of light intensity and temperature on the course of tissue formation in plants 
of two agronomic types of Lolium was examined. Changes in these environ- 
mental conditions rapidly altered both the pattern of distribution of cur- 
rently formed assimilate between leaves and roots, and the relative growth 
rate of the whole plant. 

One type, Short Rotation, is known from field experience to give better 
winter growth than the other type, S23. With both low light intensity and 
low temperature (700 foot candles and 50° F) there was little difference in 
growth rate between the two types. At a higher intensity of light (2.000 foot 
candles and 50° F) the relative growth rate of Short Rotation was greater 
than that of $23, due primarily to a greater net assimilation rate, under these 
conditions. At 65° F there was little difference in net assimilation rate, 
irrespective of light intensity, and the faster growth of Short Rotation was 
primarily due to the formation of a higher proportion of leaf tissue. 

The usefulness of assessments of net assimilation rate as indices of the 
growth efficiency of pasture grasses is considered. It is concluded that this 
is severely limited by — 


(a) The high order of accuracy required for the detection of differences 
which could be responsible for important variations in total growth. 


(b) The difficulty of giving physiological meaning to assessments, calcu- 
lated by the conventional equation, where comparisons are made between 
different species or the same species grown under different conditions. 


The greater part of the work described was carried out at the Botany Department, 
University, Manchester, England. | 
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Further Experiments with a Growth Inhibitor Extracted 
from Xanthium Leaves 


By 
ERIK K. BONDE and A. K. KHUDAIRI 
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It was shown by Bonde (1953) that ether extracts of leaves of the cockle- 
bur, Xanthium pennsylvanicum, contain a substance which can inhibit 
the growth-inducing capacity of indoleacetic acid in the Avena coleoptile 
curvature test. The present paper deals with extraction of the inhibitor 
from cocklebur leaves, with the effect of the inhibitor and pH on Avena 
curvature, and with the effect of inhibitor solutions on the growth of Avena 
coleoptile sections and intact Avena seedlings. 


Materials and Methods 


The leaves used for the extraction of the growth.inhibitor were taken 
from non-flowering cocklebur plants 3 to 4 weeks old which were grown 
in 4-inch pots in the greenhouse. The leaves were extracted with ether for 
2 hours at 0° C., 5 g. of leaf blades as a rule being extracted with 50 mi. 
ether and rinsed with 4 10-ml. portions of ether. The combined ether por- 
tions were condensed and put into 25-ml. volumetric flasks for assay. In 
general 0.4 to 0.6-ml. aliquots of these 25-ml extracts were used, representing 
0.08 to 0.12 g. fresh weight of tissue. Each aliquot to be tested was evapo- 
rated and the residue was combined with 0.1 gamma IAA in 2 ml. 1.5 per 
cent agar (50 ug./l.) for determination of its capacity to inhibit the curvature 
induced in the Avena coleoptiles by IAA. The Avena plants were grown in 
water, and the agar blocks were left on the plants for 21/2 hours. Ten or 12 
Avena plants were employed in each test” 
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Figure 1. /nhibition of 1AA-indu- 


ced curvature in the Avena > 

coleoptile by ether extracts of x 
equal amounts of unexpanded 29 ia 
Xanthium leaf blades after vari- 

ous periods of extraction at 0° C. 60 PA À 


Curve A was obtained with 
extracts each corresponding to 
0.10 g. fresh weight cf the tissue, 


and Curve B with extracts each 20 Ps 
corresponding to 0.06 g. fresh / j 
weight. 
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Results 
Extraction of Inhibitor 


Extraction of small, unexpanded leaf blades was carried on for various 
lengths of time up to 12 hours in an effort to determine the effect of the 
length of the extraction period on the amount of inhibitor obtainable at the 
standard 0° C. temperature. Figure 1 shows that the amount of inhibitor in 
the ether gradually increases up to the maximum 12 hour tested, with the 
percent inhibition of the coleoptile curvature of 50 ug./l. IAA being used as 
a criterion of the amount of inhibitor present. Diffusion of the inhibitor 
from the leaf tissue is remarkably fast, as much appearing in the ether 
after 15 minutes as after an hour, The two curves which resulted from the 
use of different aliquots of the same extracts in Avena test on different 
days are quite parallel. 

This study was expanded to test the effect of temperature on extraction 
of inhibitor from the first three fully-expanded leaf blades (closest to the 
tops of the plants). The results are presented in Figure 2. It may be seen 
that the amount of inhibitor extracted at 23° C. is considerably higher than 
at 0° C. after the first hour and that in both cases the amount which is 
extracted continues to rise with time. 


Effect of Buffering on Inhibitor Activity 


Since the inhibitory substance added to the agar used in the Avena 
coleoptile curvature test might possibly have affected the pH of the agar, 
and thus the curvature induced by the IAA it contained, the agar with TAA 
alone and JAA plus inhibitor was buffered at various pH’s by the addition of 
1 ml. of phosphate buffer (1/15 M) to 1 ml. of 3 per cent agar. Figure 3 shows 


68 ERIK K. BONDE AND A. K. KHUDAIRI 
100 
80 FR 


5 60 2 Figure 2. Inhibition of curvatures 
= = in the Avena test by extracts of 
= / Aa equal amounts of expanded 
28 ane x Xanthium leaf blades after 
az KT 


various periods of extraction at 
O° C. and 28°C. Aliquots cor- 
responding to 0.08 g. fresh weight 


On tissue were used. 
12 


| 2 4 
HOURS OF EXTRACTION 


that maximum curvature with both IAA alone and IAA plus inhibitor results 
when the pH is quite low, pH 4.5 to 5.5 apparently being optimum in the 
range studied. Attempts to use lower pH’s with acetate buffer (0.1 N) were 
unsuccessful in that the acetate prevented all coleoptile curvature in the test. 
Unbuffered agar with IAA alone gave curvatures slightly lower than the 
buffered maximum, while unbuffered IAA plus inhibitor gave curvatures 
approximately half those of the buffered maximum. 


Effects of Inhibitor on Avena Growth 


In order to determine the effects of the growth inhibitor apart from the 
effect with artifically supplied auxin, Avena coleoptile sections were floated 
on water solutions of inhibitor containing various concentrations. 6.2 mm.- 
long sections were cut out 1 mm. below the tips of 3-day-old dark-grown 
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Figure 3. Curvature induced in 
the Avena coleoptile by 50 ug. 
per liter IAA alone and 50 ug. 
per liter IAA plus inhibitor in 
agar buffered at various pH’s. 
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Figure 4. Effect of concentration of water solu- 
tion of inhibitor on growth of 6.2-mm. sections 
of Avena coleoptile in 5, 10, and 24 hours. 
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coleoptiles 2 to 21/2 cm. long. The sections were floated in Petri dishes on 
solutions diluted from a stock prepared by evaporating an ether extract of 
cocklebur leaves on hot water. Ten sections were placed in each Petri dish 
and the dishes were kept in the dark at 23° C. The lengths of the sections 
were measured after 5, 10, and 24 hours under red light. The data are 
presented in Figure 4. It may be seen that in the extracts of 0.5, 0.75, and 
1.0 g. fresh leaves per ml. water there are decreases in the lengths which 
were attained after 10 hours, the sections being even slightly shorter than 
they were after 5 hours on the solutions. With the increase in concentration 
of the growth inhibitor there is progressive decrease in amount of growth. 
Growth in inhibitor solutions of terminal portions of coleoptiles with the 
tips left intact was similar to that of sections without tips. 

The growth of intact Avena plants in the presence of inhibitor was 
studied by germinating oat seeds on filter paper moistened with water solu- 
tion of the inhibitor prepared as described in the preceding paragraph. An 
extract concentration of one gram fresh leaves per ml. water was used. 
The seedlings were grown in the dark at 24° C. in glass dishes tilted slightly 
and covered with glass plates. The filter paper was kept moist, and the 
total lengths of the plants were measured daily under red light. Controls 
were grown on filter paper moistened with distilled water. As may be seen 
in Figure 5, the growth of the seedlings in inhibitor solution was slowed 
down, the total height of the inhibited plants being only about one-third of 
that of the non-inhibited on the eighth day, but by the sixteenth day the 
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plants grown with the extract had practically attained the same height as 
the ones with water alone. No new inhibitor was added after the initial 
moistening. Root growth was inhibited more on less proportionately to the 
inhibition of leaf growth. Results are the average of 20 plants. 

Preliminary experiments on the effect of inhibitor on Xanthium showed 
that Xanthium seedlings grown in Spong-Rok and watered with inhibitor 
solutions were injured and subsequently died. The highest concentration 
(0.5 g. dry leaves per ml.) affected the seedlings most rapidly. 


Discussion 


Growth-inhibiting substances have been found in many plants. The prin- 
cipal function of these inhibitors in the plants from which they are extracted 
is not known, but it is probable that they have physiological functions there. 
Khudairi and Bonde (1953) found correlations between the inhibitor content 
in Xanthium leaves and the sensitivity to photoperiodic induction. Such 
inhibiting substances, however, could merely be by-products of certain 
physiological processes or be storage materials. in view of possible relation- 
ships to auxin in plants, further investigations on the physiological role of 
naturally-occurring inhibitors of plant growth would be of interest. 

The inhibitor which can be extracted from the leaves of Xanthium not 
only inhibits the growth-promoting action of IAA in the Avena coleoptile 
curvature test, but also inhibits growth of Avena coleoptile sections con- 
taining natural auxin and inhibits the growth of Avena seedlings when taken 
up throught the roots. The isolation and identification of the substance 
involved are being undertaken. 
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Summary 


1. Increased amounts of a growth inhibitor were extracted with ether 
from the small, unexpanded leaves of Xanthium pennsylvanicum with con- 
tinued extraction up to at least 12 hours at 0° C. With fully-expanded, mature 
leaves the same was true for extraction at both 0° C. and 23° C., although 
after the first hour considerably more inhibitor was extracted at the higher 
temperature. 

2. In the Avena coleoptile curvature test buffering of the agar at pH’s 
above 4.5 showed that the best curvature with IAA alone and with IAA plus 
inhibitor was obtained at pH’s from 4.5 to 5.5. The growth inhibition is 
evidently not a pH effect. 

3. The inhibitory substance inhibited the growth of Avena coleoptile sec- 
tions and the growth of intact Avena seedlings germinated on filter paper in 
the dark. 

4. Cocklebur seedlings watered only with solutions of the inhibitor were 
injured by relatively high concentrations. 
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I. Introduction 


The expression of sexuality, like all other biological phenomena, is deter- 
mined by both environment and heredity. In diploid Drosophila melano- 
gaster, the genotype seems to be the determining factor in sex determination; 
in triploid intersexes, however, the effect of environment can be demonst- 
rated by appropriate manipulations of temperature (Dobzhansky, 1930). In 
most of the species of higher plants, the genotype, is also mainly responsible 
for the expression of sex, though the effect of environment on flower forma- 
tion has been well established (see Gregory, 1948; Lang, 1952, for ref.). 
On the other hand, it is well known since the work of Klebs (1896, 1900) 
that the expression of the sexual phase in the lifecycle of many algae and 
fungi depends largely, and sometimes exclusively, on the external environ- 
ment. 

When studying sexuality, it is necessary to distinguish between pheno- 
mena associated with sexuality per se on the one hand, and various mecha- 
nisms which secure outbreeding (dioecism, selfsterility, flower dichotomy, 
etc.) on the other. Although these mechanisms may, in some cases, be deter- 
mined exclusively by the genotype (higher animals, most dioecious and 
selfsterile plants), they may, in others, be affected directly by the environ- 
ment which takes over the function of the genetic trigger mechanism. This 
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is the so-called phenotypical sex determination found in many invertebrates 
(see Hartmann, 1943). 

In such fungi as Neurospora crassa Shear and Dodge the situation is a 
complicated one, as both macronuclei, micronuclei, and the mycelium itself 
can function as the »male» organ. The expression of sexuality is mani- 
fested by the formation by the haploid mycelium of female sex bodies 
(protoperithecia), the production of which is influenced by both genetic 
factors and environment, and by an outbreeding mechanism (selfsterility) 
which seems completely dependent on the genotype. 

A complete program for studying sexuality in Neurospora thus would 
involve a study of the outbreeding mechanism (mating types) as well as a 
detailed investigation into both genetic and physiological factors involved 
in protoperithecial development, zygote formation, and the elaboration of 
mature fruiting structures. Different aspects of this problem have been 
studied by a number of authors ever since the publication of the original 
observations by Shear and Dodge (1927) and Dodge (1927). The present 
report deals mainly with the effect of a number of environmental factors on 
the development of protoperithecia in Neurospora crassa. The influence of 
environment on two phenomena closely, and possibly causally, associated 
with the formation and normal functioning of protoperithecia, namely tyro-- 
sinase and melanin production, has also been studied. 


II. Materials and Methods 


The Neurospora crassa strain mainly used is that designated as W 2/49 A. It is 
a macroconidial, colonial, biochemically wild type strain, selected for its high 
fertility from a cross between a reverted (diepoxybutane treatment), adenineless, 
colonial strain (W 40 A, distinctus; cf. Kölmark and Westergaard, 1953), and 
Emerson 5297 a. This strain forms a very large number of protoperithecia; after 
2 weeks’ growth on P-minimal medium at 25° approximately 200,000 proto- 
perithecia are produced on an ordinary Petri dish. No crosses were made between 
this strain and strains producing few or no protoperithecia to determine the genetic 
background responsible for the large number of protoperithecia produced. Aronescu 
(1933) and Dodge (1946), both working with N. sitophila, have found that the 
factors responsible for abundant and poor protoperithecia formation segregate at 
meiosis, and have noted that the number of protoperithecia varies on different 
media. The stages in the development of protoperithecia (also called incipient 
perithecia, sclerotial bodies, etc.) have been described by Dodge (1935) and Backus 
(1939). 

A few other strains are used at times; these are the W 2/54 a, Emerson 5256 A, 
Emerson 5297 a, Abbott A, and Abbott a strains. W. 2/54 a originates from the same 
cross as W 2/49 A; it also forms a very large number of protoperithecia; on cross- 
fertilization, abundant perithecia are formed but, with most of the strains of the 
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opposite mating type, the perithecia produced contain few or no ascospores. The 
other strains were obtained from Dr. G. W. Beadle. 

The medium used is the perithecia-promoting minimal medium of Westergaard 
and Mitchell (1947), henceforth called P-minimal medium. It is slightly modified 
and has the following composition: 


KINO ee ge Some aig 1.0 g. biotin: See 10 ug. 
(lel BAD orient re ee 1.0 g. trace elements rer one | il. all, 
MESO TEL OUEN OP RE 0.988: glycerol Mi MEET er 20 ml. 
NaCl ea 0.1 8. distlledzwateraer er 1000 ml. 
CAGE ee ee 0.1 g , agar where added ........ Ny ee, 


Additions to and omissions from it are made as outlined in the text. When the 
medium is supplemented with organic nitrogen, 2 kinds of hydrolyzed casein are 
employed. One (hydrol. casein A) is an HCl-hydrolysed casein, containing aproxi- 
mately 33 mg. of N per ml. The other (hydrol. casein B) is a synthetic casein, 
reconstituted from individual amino acids, and contains 1.23 mg. of nitrogen per 
ml. P-complete medium, which is P-minimal medium to which 2.5 g. of Difco yeast 
extract, 5.0 g. of Difco malt extract, 10 ml. of a vitamin solution, and 5 ml. of hydrol. 
casein A are added, also is used in some of the experiments. All media are adjusted 
to pH 6.5 and autoclaved at 15 lbs. pressure for 15—20 minutes. Plates are 
inoculated with 0.5 ml. of a conidial suspension of the respective strain made up 
in sterile distilled water. 

For some of the experiments the organisms are grown on filterpaper instead of 
an agar. For this purpose, Whatman Nr. 4 filterpaper, 8 cm in diameter, is sterilized 
separately, and 5 sheets are added to each Petri dish following addition of the 
respective liquid medium. 

For the counting of the protoperithecia the following method is adopted: a 
metal disc with a round perforation is inserted into the eyepiece of a Spencer 
dissecting microscope, the total magnification is 42.5 X. The counts per field so 
obtained are used only for comparative purposes; the actual area counted measures 
roughly 1.5 mm?. In order to facilitate the counting, the field is divided into 4 
quarters by attaching 2 hairs to the metal disc. Each Petri dish is counted in five 
placed by placing underneath it a sheet of paper, perforated at intervals in five 
places across its diameter. 

In many of the experiments tests for the presence of nitrate are done at various 
intervals. Diphenylamine is dissolved in conc. H,SO, and small slices of the medium 
are tested directly. Tests done in a similar manner on uninoculated agar media 
show them to be still positive when the KNO, concentration is 0.1 g./liter 
(9-9X10-1M). Blank testing, continued on watersolutions of KNO,, is found to 
give positive results at a concentration of 0.025 g./liter and to be faintly positive 
even at 0.005 g./liter (5x 10-°M). 

Absorption spectra of the melanin solutions are measured in a Beckman spectro- 
photometer between 400 and 620 mu, using corex cuvettes of 1 cm lightpath. 

Tyrosinase is determined colorimetrically, using an Eel photoelectric colorimeter 
with blue filter Nr. 303. Readings are taken at intervals of 15 minutes; the tubes 
are kept in a 30° C waterbath between readings and are frequently shaken by hand. 
Each experiment is done in duplicate and repeated several times. The colorimeter 
tubes contain 0.5 ml. of the fresh enzyme preparation or one boiled in a waterbath 
for 10 minutes, 5.0 ml. of M/10 phosphate buffer of pH 6.0, and 1.5 ml. of a 
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freshly prepared L-tyrosine solution (300 mg. dissolved in 100 ml. M/60 NaOH). 
Readings are limited to the period of dopachrome formation. 

Most of the work is done with W 2/49 A mycelia grown under three different 
environmental conditions, giving rise to what might be termed three different 
»physiological states». The first results when the organism is grown on P-minimal 
medium at 25° C. Under such conditions, a very large number of protoperithecia 
are formed, and the whole plate turns dark brown. Conidiation is usually poor to 
fair but may be considerable; growth is medium. The second obtains when the 
organism is grown on P-minimal medium at 35°. Very few or no protoperithecia 


are formed, growth is fair, and conidiation is extensive. The third results from 


De . -O . . . . . 
growing the organism at 25° on P-minimal medium to which a considerable amount 


(e.g., 3000 mg./liter) of amino nitrogen has been added. Growth is very heavy, 
conidiation is restricted, and protoperithecia are absent. The following terms will 
be used to designate these three »physiological states»: 1.) 25°-mycelium, 2.) 35°- 
mycelium, and 3.) 25°-AA-mycelium. | 


Hi. The Effect of Temperature on Protoperithecia Formation 


Cases where temperature differentially affects stages in the life cycle of 
fungi have frequently been observed. Ronsdorf (1931) noted that the forma- 
tion of zygospores in Phycomyces blakesleeanus was reduced or completely 
inhibited at certain temperatures without a concomitant decrease in growth. 
Mucor mucedo has been reported to form zygotes only below 26° C (Schop- 
fer, 1928). Westergaard and Mitchell (1947) have shown that no perithecia 
are produced at 35 within 18 days with the Neurospora crassa strains and 
the medium that were used. 

Experiments designed to test the influence of temperature on perithecia 
formation are repeated with a number of Neurospora strains, the following 
crosses being made on P-minimal medium slants at 25°: 5256 AX W 2/54 a, 
W 2/49 AX W 2/54 a, and 5256 A X5297 a. Perithecia are formed in all cases 
at 25° and, more slowly, at 20°, but at neither 30 or 35° after 16 days of 
growth. It was decided, therefore, to investigate the effect of temperature on 
fertility more in detail, special emphasis being placed on protoperithecia 
formation, For this purpose, the W 2/49 A strain, and P-minimal and 
P-complete media are employed. This strain forms large numbers of proto- 
perithecia at 25°; they begin to make their apperance after 3 to 4 days of 
growth. At 35° no protoperithecia are formed; however, a few, abortive- 
appearing protoperithecia may be formed on some plates after 12 to 14, 
days of incubation. A temperature of 30° does not prevent protoperithecia 
formation, but production is slower than at 25°. Similar results are obtained 
with strain W 2/54 a. 

When W 2/49 A protoperithecia from P-minimal plates or slants grown 
at 25° are conidiated with a strain of opposite mating type (Emerson 5297 a) 
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Table 1. The influence of temperature on the formation of protoperithecia and mature 
perithecia in Neurospora crassa. Strain W 2/49 A is grown on P-minimal or P-complete 
agar media on plates or slants and conidiated with Emerson 5297 a. 


ee ees 


Temperature of incubation (°C) Protoperithecia Perithecia 
25 + or 
30 + == 
35 = = 
25; transferred to 35 following conidiation — 
35; transferred to 25 following conidiation | + (following transfer to 25°) + 


and kept at 25°, large masses of perithecia develop. When the organism is 
grown at 25°, but transferred to 35° following conidiation, no fruit bodies 
are formed, although large numbers of protoperithecia are present. Orga- 
nisms grown at 35° and kept at 35° following conidiation with the opposite 
mating type do not form perithecia. However, on transferring such slants to 
25°, fertilizations do appear after several days. Apparently this interval per- 
mits protoperithecia formation to occur. However, considerably fewer fruits 
are formed under these circumstances than when growth has originally 
taken place at 25°. The organisms cannot be left too long at 35° prior to 
conidiation with the opposite mating type and transfer to 25°, as the ability 
to form protoperithecia on transfer is lost, the time depending on the strain 
employed. Some of these data are summarized in table 1. Apparently two 
different processes necessary for the development of mature fruiting struc- 
tures are affected by temperature: 1) The formation of protoperithecia, and 
2) a stage (perhaps fertilization itself) in the early development of perithecia. 

Attempts to induce the formation of protoperithecia at 35° with extracts from 
organisms having been allowed to develop masses of protoperithecia at 25° are 
unsuccessful. Neither is it possible to inhibit the formation of protoperithecia at 
25° by extracts from organisms grown at 35°. Attempts to increase the number of 
protoperithecia in poorly protoperithecial strains with W 2/49 A extracts are like- 


wise negative. (For these experiments water extracts from mycelia ground in the 
cold with sand are used). 


IV. The Effect of Nitrogen on Protoperithecia Formation 


The fundamental importance of the concentration of the nitrogenous 
constituents of the culture medium on phenomena associated with sexual 
development in fungi and algae has been well established ever since the 
work of Klebs (for review, see Raper, 1952). Likewise, data on the relative 
and absolute amounts of carbon and nitrogen, as well as other elements 
necessary for the occurrence of the sexual phase in fungi, abound in the 
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literature. They have, however, not led to a deeper insight into the meta- 
bolism of fungi in relation to sexual development. An attempt to correlate 
these phenomena with physiological and enzymatic changes apparently 
directly related to sex in Neurospora will be outlined in later sections. 

It can be observed that in certain crosses (especially Abbott AX Abbott a, 
Abbott AX W 2/54 a, Abbott AX5297 a) the use of a P-complete medium 
instead of P-minimal medium greatly increases the number of fruit bodies 
and advances the time of spore shedding. On the other hand, no great 
difference can be noted between P-minimal and P-complete media as far 
as protoperithecia formation is concerned. In testing the various ingredients 
which are added to P-minimal medium to make it P-complete medium it is 
found that the vitamins contribute nothing to the enhancement of fertility, 
while yeast and malt extract, and particularly hydrolyzed casein, are active. 
Varying amounts of the latter are, therefore, added to P-minimal medium. 
It is found that casein concentrations twenty or more times that of P-com- 
plete medium completely inhibit fruit formation rather than stimulate it. 
Westergaard and Mitchell (1947) had already noted that the carbon/nitrogen 
ratio seemed to be of importance in fertilization. As these findings might be 
directly related to protoperithecia formation, a determination of the effect 
of nitrogen on protoperithecia formation is undertaken. 

The effect of inorganic nitrogen; with some remarks on the carbon/nitro- 
gen ratio. The effect of inorganic nitrogen on protoperithecia formation is tes- 
ted by using P-minimal agar media containing varying amounts of KNO, and 
counting the number of protoperithecia at various intervals. The results are 
given in table 2. It will be noted that protoperithecia formation increases 
until it reaches a maximum at a concentration of 1 g. of KNO, per liter, 
after which the number falls off. In the medium containing no KNOs, a 
very small amount of growth takes place due to the presence of traces of 
nitrogen, but this is enough to permit the production of protoperithecia as 
well as a few mature perithecia, following conidiation with the opposite 
mating type. Even the highest concentration of KNO, used (40 g./liter) is 
not inhibitory on growth and it is only the process of protoperithecia forma- 
tion which is differentially affected by the higher nitrogen concentrations. 

The plates are tested for the presence of nitrate at the end of 13 days’ 
growth. It can be seen from tables 2 and 3 that exhaustion of the nitrate 
ion is not a prerequisite for the formation of protoperithecia; this is amply 
confirmed from results of several other experiments. It seems, however, that 
exhaustion of nitrate on this medium is necessary to permit the formation 
of perithecia. Occasionally, on plates where only a small amount of nitrate 
remains, a rare perithecium is formed, but is always found to be devoid of 
ascospores. Apparently, the nitrate ion is a specific inhibitor of some phase 
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Table 2. Influence of various concentrations of KNO3-nitrogen on protoperithecia forma- 
tion in Neurospora crassa strain W 2/49 A. Medium: P-minimal agar, containing varying 
amounts of KNO 3. Organisms grown on Petri dishes; 15 ml of medium per dish. Tem- 
perature of incubation: 25°C. Plates counted in duplicates; the mean values from 10 
counts (5 fields per plate) are given together with the standard error of the mean. After 
13 days, the plates are tested for the presence of nitrate, conidiated with Abbott a, 
incubated at 25 C for 14 days, and then scored for the presence of perithecia and ascospores. 


sr an nn 


KNO, g./liter (N mg./liter) 
Time 
(hours) 0 0.1 0.5 1.0 2.0 8.0 16.0 24.0 40.0 
(13.9) (69.5) (139) (278) (1112) (2224) (3336) (5560) 
72 0 | 0.4 .22| 2.54 .73 0 0 0 0 0 0 
94 0 0.9 .32| 5.5-F .56| 3.5- .96 0 0.4.27 0 0 0 
122 0 0.9 .23/10.5--1.32/21.1-F2.31| .4 .22/1.64.98 0 0 0 
143 0 1.14 .55/13.8-F1.18/26.0-F2.61! 2.3F .97/0.3-F.21 0 0.1.10 0 
170 0 2.7 .43/21.0-F2.88/29.7-F 2.14) 2.7+1.05|1.1+.43 0 092210 0 
215 0 6.8 .58)22.1-F1.83/36.8 2.32) 7.61.78 11.27-.33/0.1F.10 0 0 
310 |0.3F.21/10.41.21\29.9F2.09|48.01.91111.62.68|1.67-.67,0.3+.15 0 0 
nes de ” > = Ten Su ees 
Perithecia 
and ; 
ascospores = + — _ Se — = 


in the sexual cycle. Robinson (1926), working with Pyronema confluens, 
has found that reproductive processes in that organism were initiated only 
on the exhaustion of the nitrate ion, and Leonian and Lilly (1940) have noted 
that the addition of NH,NO, to media containing amino acids as the 
source of nitrogen completely prevented the formation of zygospores in 
Phycomyces blakesleeanus. 

In order to find out more about the precise locus of the nitrate effect, the 
following experiment is done: protoperithecia are allowed to develop on 
P-minimal medium, half the plates are conidiated with a suspension of 
Abbott a in sterile distilled water, and the other half with Abbott a conidia in 
an 8 per cent sterile KNO, solution. It is found that a large number of 
perithecia develop in both sets; ascospore formation is somewhat delayed 
in the latter, but nitrate does not disappear. It appears, therefore, that the 
presence of nitrate does not affect fertilization and fruit development, but 
rather some stage in the differentiation of the protoperithecia. 

The problem is more complicated, however. Westergaard and Mitchell 
(1947) have reported that the strains used during their work formed a small 
number of perithecia and ascorpores on a P-minimal medium containing 
2 g. of glucose and 10 g. of KNO, per liter. It would seem that the amount 
of nitrate in such a medium is too high to become exhausted. Their experi- 
ment is repeated with W 2/49 A growing on a P-minimal medium containing 
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2 g. of glycerol and 10 g. of KNO, per liter. It is found that protoperithecia 
develop (3.85 = .46 per field after 8 days at 25° C), though many do not look 
normal, do not have the usual-hairy outgrowths (including trichogynes), and 
contain little melanin. On conidiating with Abbott a and reincubating for 12 
days, a small number of mature perithecia containing ascospores do develop, 
even though nitrate is still present at that time. 

A summary most consistent with the observed facts is that conditions 
which prevent exhaustion of nitrate always affect adversely both the number 
and the functioning of the protoperithecia but that the detrimental action of 
nitrate is most marked when the organism has grown on a medium of a 
definite C/N ratio. The efficacy of the P-minimal medium of Westergaard 
and Mitchell is apparently due to the fact that the ratio 20 ml. glycerol per 
1 g. KNO, is optimal as regards bot the number and the functionality of 
the protoperithecia produced. 

The influence of the C/N ratio on fertility is further tested in the following 
experiment: Strain W 2/49 A is grown on P-minimal medium and P-minimal 
medium in which both carbon and nitrogen are increased 4 times (4 g. KNO,, 
80 ml. glycerol per liter). After 11 days at 25° there are 47.8+2.35 proto- 
perithecia per field on the former and 35.3#2.1 protoperithecia on the 
latter medium. Nitrate has disappeared in both. Following conidiation with 
Abbott a, perithecia develop normally on P-minimal medium and large num- 
bers of ascospores are shed 13 days after conidiation. On the other medium, 
large masses of perithecia develop but most are empty and only a few spores 
are shed after 13 days. Some perithecia are found to contain a few abortive 
ascospores, and giant ascospores similar to those mentioned by Dodge (1929), 
Girbardt (1952), and others, are also encountered. It seems possible that 
the exhaustion of nitrate which takes place under these conditions permits 
the formation of functional protoperithecia and that the increased glycerol 
conceniration affects directly the process of ascospore formation, Similar 
results were obtained by Girbardt with a number of other carbohydrates; it 
is true of other fungi as well (see, e.g., Ellis, 1931, for Pleospora herbarum). 
It is obvious that the influence of environmental factors on different stages 
in the sexual development of the fungus (protoperithecia formation, fertili- 
zation, ascospore formation) must be kept sharply apart. 

The rate of growth of strain W 2/49 A on P-minimal medium is more 
rapid at 35 than at 25° C (see also Ryan et al., 1943), but the total amount 
of cellular material formed is considerably less; approximately 3—4 times 
the amount of organic nitrogen is formed at 25 as compared with ab mis 
determined by Kjeldahl analysis. It might be thought, therefore, that the 
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Table 3. Influence of the addition of amino nitrogen to P-minimal medium on the forma- 
tion of protoperithecia in Neurospora crassa strain W 2/49 A. Organisms grown on Petri 
dishes; 15 ml. of agar medium per dish. Temperature of incubation: 25° C. Data collected 
and reported as in table 2. After 21 days, the plates are tested for the presence of nitrate, 
conidiated with Abbott a, incubated for 14 days at 25°, and then scored for the presence 


1 


of perithecia and ascospores. 


Addition of hydrol. casein A or B (ml) 
Time (days) 50 100 5 260 50 100 | 200 
mone B B A B A Al A 
OR CORP 2.3 .79 0 0 0 0 | 0 0 0 
CT Re eens 16.5F73.10| 5.1-F1.32| 3.47F1.43| 4.9F2.0 0 | 0 0 0 
ÉD Be nf ae 23.24.09 | 15.9-2.34| 24.7-F 2.12) 15.5-F2.96| 4.51.18 0 0 0 
A Oe 30.2-F1.90) 30.47 2.38) 38.9-F5.12| 24.44.90 /22.7-5.16) 7.21.08) 0 0 
et 37.9-F3.27 |42.1F3.76 46.2-F 2.73 | 29.72.87 |24.7-F4.11/19.44-1.54| 0 0 
Ne 42.6-F 4.59 |44.6F.2.56|54.273.54| 34.85.91 22.94.18 23.72.21 0 0 
MAR ea ces 43.22.23 47.72.85 52.3-F3.94 | 46.35.48 25.374.03,27.7+43.94| 0 0 | 
DRG eS ater eee Santee ane 59.85.27 | 58.1-3.68|59.6-F 4.67 | 42.42.86 |31.3--4.63 | 32.84.40 0 0 
N—content of media: 
NO,—N, mg. per liter 138 138 138 135 138 129 124 114) 
Amino—N» » » none 61 123 159 246 1,528 2,920|5,36L| 
Test for nitrate es : 
after 21 days AZ Es iS “ie ad ea 
Perithecia and 1 1 do- 
ascospores ay ar a Zi 2 Tperithesias a ae 


absence of protoperithecia as well as the lack of fruit formation at 350 
might be due to the fact that the nitrate is not being used up. This, however, 
is not the case. Nitrate disappearance when tested on P-minimal medium 
inoculated with W 2/49 A is found to occur just about as rapidly at 35 as at 
25°. This, in conjunction with the appearance of the 2 different »physiologi- 
cal states» at the two temperatures, indicates a radically different mode of 
utilization of nitrate. 

The effect of organic nitrogen. The effect on protoperithecia formation 
resulting from the addition of organic nitrogen to P-minimal agar medium 
is reported in table 3. Some of these data are also plotted in figure 1. It is 
seen that higher concentrations of organic nitrogen completely prevent the 
formation of protoperithecia. Quantitative differences between the effect 
of nitrate and amino nitrogen are, however, apparant. 

The suppression of protoperithecia in the presence of large amounts of 
hydrol. casein is not due simply to the increased buffering capacity of these 
media. This is demonstrated by growing strains W 2/49 A and W 2/54 a on 
P-minimal medium and P-minimal media containing varying amounts (from 
5 ml. to 200 ml. of hydrol. casein A per liter) of amino acids, and measuring 
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Figure 1. Development of protoperithecia in Neurospora crassa strain W 2/49 A as a 

function of time and nitrogen content of the medium. 1: P-minimal medium (138 mg. of 

nitrate-N per liter) 2: P-minimal medium plus 50 ml. hydrol. casein B (138 mg. of 

nitrate-N, 61 mg. amino-N per liter). 3: P-minimal medium plus 50 ml. hydrol. casein A 

(129 mg. of nitrate-N, 1528 mg. amino-N per liter). 4: P-minimal medium containing 2 8. 
KNO3 (277 mg. nitrate-N per liter). 


the pH of the media after 6 days of growth at 25° C; no significant diffe- 
rences are found. 

The possibility, though a priori considered small, that N. crassa might 
convert amino N to nitrate which would then act as inhibitor, is tested by 
growing W 2/49 A on P-minimal media in which 1790 mg. and 3590 mg. 
of N per liter in the form of hydrol. casein A are substitued for the KNO,. 
No protoperithecia are formed after 12 days’ incubation at 25°, and no 
perithecia develop following conidiation with Abbott a. No detectable nitrate 
accumulates. 

The experiments involving the influence of higher concentrations of amino 
N on protoperithecia formation are repeated with two other strains, W 2/54 
a and 5256 A, with results entirely similar to those reported for W 2/49 A. 

It might be added here that W 2/49 A mycelium which is grown at 25% 
on a medium containing a very high concentration of nitrogen does not lose 
its power to form protoperithecia but produces, on transfer to P-minimal 
medium, protoperithecia as abundantly as controls from transfers from 


P-minimal medium. 
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V. The Formation of Melanin under Different Environmental 
Conditions 


Cultures of the highly protoperithecial strains W 2/49 A and W 2/54 a, when 
grown on P-minimal medium at 25° C, always turn brown concomitant with 
protoperithecia formation, while they do not if cultured at 35°, or on media 
containing large amounts of nitrogen at 25°. Further, the few protoperi- 
thecia wich do develop on media containing median concentrations of nitro- 
gen are the color of the surrounding mycelium and seldom show the dark 
brown coloration exhibited by normal protoperithecia. It was assumed that 
the pigment present in normal protoperithecia was melanic in nature, and 
it was thought that tyrosinase and melanin formation might be involved 
directly in the differentiation of protoperithecia. Hammett and Chapman 
(1938) have indicated already that tyrosine seems to be a specific participant 
in processes essential for differentiation, and Horowitz (1951) also has pointed 
out that the melanin problem represents one of the few points at which 
biochemistry, genetics, and embryology meet. 

In view of these considerations it became of interest to determine the 
nature of the pigment which is elaborated in large quantities under condi- 
tions where protoperithecia formation can take place and to see whether it 
actually is melanic in nature. The definition of melanins is not at sharp one; 
they may be described as yellow, brown, or black pigments of unknown 
composition, proteinaceous in nature and probably derived, in the presence 
of oxygen, from tyrosine, dihydroxyphenylalanine or similar substances. 
They are highly unreactive and insoluble in the ordinary solvents, but can be, 
with varying ease, dissolved in base; they are decolorized by KMnO,, H,0,, 
and other oxidizing agents, and give a positive argentophile reaction (see, 
e.g., Lison, 1936). In addition, Daniel (1938), as well as others, have observed 
that when the log of the optical density of melanin solutions is plotted against 
the wave length, apparently linear curves result over a wide range of the 
spectrum. 


Preliminary qualitative tests, using sand-ground 25°-mycelium and 25°-AA-myce- 
lium and tyrosine as substrate show, at room temperature and pH 6.8, the forma- 
tion of a black pigment with the former and of a reddish pigment with the latter 
suspension, indicating the presence of a tyrosinase in both. Boiled controls show 
no pigment formation. In situ, protoperithecia (as well as perithecia, provided the 
slimy layer covering them is first removed with ether) are partially bleached with 
30 per cent H,0,. No bleaching takes place with 10 per cent HNO,, conc. HNO,, 
or 0.1 N HCl. The pigment is bleached completely, however, with hydrogen peroxide 
after it has been extracted with 0.5 N NaOH. Precipitation of the pigment dissolved 
in base on neutralization with HCl is variable with different solutions but it is 
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Figure 2. Absorption spectra (log of the optical density)of melanin pigments extracted 
from Neurospora crassa strain W 2/49 A grown under varying environmental conditions. 
All samples are read in duplicate and the averages of the readings, which always check 
closely, are recorded. Samples 1, 2, 3, 4 and 7 are boiled with base for 55 minutes, 
samples 5 and 6 for 90 minutes. Curve 1: organisms grown on P-minimal liquid medium 
on filterpaper at 25°C for 7 days. Slopes (successively), .0034, .0018, .0037. Curve 2: 
perithecia picked from the plates with a pair of forceps, from the following cross: W 
2/49 A grown on P-minimal liquid medium on filterpaper at 25° for 11 days, conidiated 
with Abbott a, and reincubated for 11 days. Slopes, .0037, .0021, .0039. Curve 3: organisms 
grown on P-minimal agar containing, in addition, 5500 mg. of amino-N per liter (hydr. 
casein A) at 25° for 19 days. Slopes, .0056, .0042. Curve 4: organisms grown on P-mini- 
mal agar in which 3600 mg. of amino-N per liter are substituted for KNO3, at 25° for 
20 days. Slopes, .0058, .0050, .0038. Curve 5: organisms grown on P-minimal liquid medium 
on filterpaper at 25° for 11 days. Slopes, .0049, .0033, .0042. Curve 6: organisms grown 
on P-minimal liquid medium on filterpaper at 25° for 14 days. Slopes, .0056, .0042, .0038. 
Curve 7: organisms grown on P-minimal liquid medium on filterpaper at 35° for 7 days. 


precipitated on saturation with ammonium sulfate from either alkaline solutions or 
from solutions acidified following extraction with base. The pigment is very slightly 
soluble in water and absolute ethyl alcohol, but insoluble in the other common 


organic solvents. 


Absorption spectra of the pigments are determined in a Beckman spectro- 
photometer between 400 and 620 mu. W 2/49 A mycelia grown for different 
lengths of time on filterpaper or on agar on Petri dishes under varying 
conditions are pressed out between filterpaper to absorb excess moisture, 
and treated with 0.5 N sodium hydroxide (1 ml. for 15 mg. of mycelium 
thus obtained). The suspensions are boiled, made up to the original volume, 
filtered, and sometimes refiltered a number of times till clear solutions are 


84 HERBERT M. HIRSCH 


obtained; the solutions are yellow to dark brown in color. Treatment with 
base without boiling extracts very little pigment from protoperithecia or 
perithecia but does extract the small amount of pigment present in the 
25°-AA-mycelium. Results from a number of determinations are plotted in 
figure 2. In contrast to some authors, but not to others (see, e.g., Schaeffer, 
1953; Ginsburg, 1944) no straight line but rather a succession of straight 
lines is obtained when log O.D. is plotted against the wave length. In ali 
the experiments a break in the curve is observed in the neighbourhood of 
500 mu. 

The curves represented in figure 2 give no indication as to the relative 
amounts of pigment present in the mycelia grown under different condi- 
tions. The reason for this is that the small amount of pigment present in 
the 25°-AA-mycelium, and the trace present in the 35°-mycelium, is comple- 
tely extracted with base, whiie only a small part of the pigment is extracted 
from either protoperithecia or perithecia. These structures appear just as 
brown or black following extraction as they were before. 


A word should be added about the trace of pigment found in the 35°-mycelium. 
A possible error in melanin determinations, apparently not considered in previous 
work, was pointed out to the author by Professor K. A. Jensen: when biological 
material is extracted with boiling NaOH, meno- as weil as many disaccharides, if 
present, will be converted to a number of smaller fragments as well as yellow and 
brown polymerization products (Moore's test). These pigments give many of the 
chemical reactions of the true melanins and can be expected to absorb light in a 
similar manner. It was, in fact, found (Hirsch, 1953) that when N. crassa W 2/49 A 
is grown on filterpaper at 35° C, a considerable amount of glucose accumulates, due 
to the formation of an extracellular cellulase while, on the other hand, no or only 
very little tyrosinase is produced under these conditions. It is thus possible that the 
trace of pigment found is due to glucose breakdown-products. This does not hold true, 
however, of the 25°- and 25°-AA-mycelia, as little or no cellulase is produced under 
the conditions under which they are grown. 

Visible light, which has frequently been claimed to have a retarding effect on 
melanogenesis (e.g., Schaeffer, 1953) does not inhibit the formation of protope- 
rithecia. Continuously illuminated cultures on a white background produce as many 
protoperithecia and as much melanin as do controls kept in the dark. Girbardt 


(1952) has likewise shown that light is without influence on perithecia formation 
in Neurospora. 


To summarize: The pigment produced in the protoperithecia on P-mini- 
mal medium at 25°, judging from solubility characteristics, chemical reac- 
tions, the presence of a tyrosinase, and the absorption spectra, is melanic in 
nature. A small amount of pigment is present also in the 25°-AA-mycelium, 
and a trace or none in the 35°-mycelium. However, a considerable amount 


of melanin is produced only under conditions permitting the formation of 
protoperithecia. 
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VI. Tyrosinase Activity in Mycelia Grown under Different 
Enviromental Conditions 


Since melanin is found to be produced only under conditions permitting 
the formation of protoperithecia, experiments to determine whether the same 
is true of tyrosinase activity itself are undertaken. The latter is determined 
using 25°-, 25°-AA-, and 35°-mycelia grown on filterpaper in liquid media. 

In the initial experiments exiracts are used which are obtained by grin- 
ding the mycelia in an ice-cooled mortar with powdered alumina and a little 
phosphate buffer, followed by extraction with buffer and centrifugation at 
3000 RPM. Much more active preparations can be obtained, however, by 
simp!y grinding the mycelia with phosphate buffer in a mortar and pestle 
and using the whole suspension as the source of enzyme; this procedure is 
followed in the experiments recorded here. The fact that only a relatively 
small part of the activity is in the extracts as compared with the much more 
active suspensions indicates either that liberation of the enzyme in a soluble 
form is very incomplete, or that a large part of the activity is destroyed 
during the process of grinding with alumina. 

The mycelia are harvested, washed thoroughly with distilled water, and 
the mycelial mat pressed out on filterpaper until no more moisture can be 
detected. The mycelium is ground, using 1 ml. of M/10 phosphate buffer, 
pH 6.0, for each 50 mg. of »dry» mycelium. This suspension is pipetted 
directly into the colorimeter tubes. Prior to readings, the tubes are centri- 
fuged for one minute at 3000 RPM. Dry weights are determined in some of 
the experiments by drying aliquots of the suspension at 100° C for 20 hours, 
and applying a correction for the phosphate present. Oxidation of tyrosine 
in the boiled controls has never been observed. 

It should be mentioned that both the extracts and the suspensions, in 
contrast to those described by Horowitz and Shen (1952), are active without 
dialysis, in spite of the fact that they are grown on a »high sulfur» medium 
(0.5 g. of MgSO, per liter). Besides, enzyme extracts obtained by grinding 
with alumina show no increase in activity following dialysis against M/10 
phosphate buffer, pH 6.0, for 20 hours in the cold. 

Table 4 shows results from a typical experiment in which tyrosinase is 
assayed in mycelia representing the three different »physiological states». 
The cultures are 7 days old. Tyrosinase activity is by far highest under 
conditions permitting the organism to form protoperithecia. There is, in 
addition, a qualitative difference between the tyrosinase from the 35 
mycelium and the 25 -AA-mycelium which cannot be seen from the data in 
the table. The tyrosinase from the 25°-mycelium oxidizes tyrosine completely 
to melanin, while the tyrosinase from the 25°-AA-mycelium oxidizes the 
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Table 4. Tyrosinase activity of ground suspensions of Neurospora crassa. Strain W 2/49 A 

grown for 7 days on filterpaper on 1.) P-minimal medium at 25° C, 2.) P-minimal medium 

plus 3000 mg. of amino N (hydrol. casein A) per liter at 25°, 3.) P-minimal medium at 

35°. The figures given are net increases (zero time readings deducted) in optical density, 
multiplied by 100. 


j 


: eee ) 25° 25°-AA- 35°- 
Time (minutes mycelium | mycelium | mycelium 
0 0 0 0 
15 2.9 0.6 0.2 
30 6.1 ih 0 
45 12.4 2.3 0 
60 19.2 3.7 0.4 
Dry weight of 
mycelium (mg. 5 
per 0.5 ml of fe DN 8. 


suspension used) | 


tyrosine only to a salmon red stage, and no black pigment is formed even 
after 24 hours. This is probably not due to the fact that these preparations 
are low in activity: 25°-mycelium, when grown for a longer period of time, 
yields preparations with similar low activity. These will, however, turn 
blackish overnight in the presence of tyrosine. There are several possible 
explanations for this phenomenon. One is that there are actually 2 enzymes 
present, one converting the tyrosine to dopachrome, and the other acting 
on the dopachrome. Another possibility, suggested to the author by Prof. 
Aaron B. Lerner, is that the red pigment produced by the enzyme from 
the young 25°-AA-mycelium is not dopachrome at all but some other 
pigment. This problem could not be further investigated. 

The enzymatic picture is completely different when tyrosinase activity is 
assayed in organisms grown for a longer time (see table 5). The tyrosinase 
activity in the 25°-mycelium goes down, while the activity in the 25°-AA- 
mycelium goes up enormously. The fall in activity of the 25°-mycelium 
does not seem to be due to the formation of an inhibitor as such suspensions, 
when added to the 25°-AA-suspensions, in no way decrease the latter’s 
activity. In contrast to preparations from 25°-AA-mycelium grown for 7 
days, which only oxidize tyrosine to a salmon red stage, the suspensions 
from 14 day-old 25°-AA-mycelium produce large precipitates of melanin 
during the enzymatic tests. However, as pointed out in the previous section, 
very little melanin actually accumulates in the Petri-dishes during growth. It 
might be, judging from data reported by Horowitz and Shen (1952) and 
Schaeffer (1953), that the paucity of both protoperithecia and melanin on 
media containing sulfur and a large amount of nitrogen is due to the forma- 
tion of a tyrosinase inhibitor. This inhibitor might well be a sulfhydryl or other 
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Table 5. Legend as in table 4. Organisms grown for 14 days. 
eee 


| Time 25°- 25 AAR» Sasse 
(minutes) mycelium | mycelium | mycelium | 
| | 
| 0 0 | 0 0 
| 15 | 0.5 | 40.6 0.1 
| 30 | 24 | 53.9 0.1 
| 45 | 3.5 | 69.8 0.2 
60 49 | 863 | 0.5 


sulfur containing substance; another possibility is that dopaquinone might 
be tied up by sulfur compounds. To test these hypotheses, P-minimal medium 
containing 30 g. per liter of KNO, is prepared; one part of this medium is 
made up to contain 0.5 g. MgSO, : 7 H,O per liter, as usual, while the other 
contains 0.5 g. MgCl, - 6 H,O instead. The first medium contains 65 mg. of 
inorganic sulfur per liter, the second only the trace of sulfur present in the 
form of biotin and other traces. Results of such an experiment are given 
in table 6. Very few protoperithecia are formed on either medium, though 
growth is good in both. The few protoperithecia are of the same color as 
the surrounding mycelium, no visible melanin is formed on the plates, and 
no perithecia formation occurs following conidiation with Abbott a. It can 
be concluded that protoperithecia, fruit body, and melanin formation are 
not suppressed through the action of sulfur containing inhibitors which 
might be formed on the media containing sulfur in the presence of in- 
creased amounts of nitrogen. Boswell (1945) has reported that in intact 
potato tissues, amino acids may serve for the reduction of the dopaquinone. 
Whether a similar phenomenon takes place here, or whether the paucity of 


Table 6. The influence of the presence or absence of sulfur on the inhibition of proto- 

perithecial formation by media containing large amounts of nitrogen in Neurospora crassa 

strain W 2/49 A. Temperature of incubation 25° C. Protoperithecia counted after 12 days. 

The plates were then conidiated with Abbott a, incubated for 8 more days at 25°, and 
scored for the presence of perithecia, ascospores, and nitrate. 


EE 
Number of Perithecia 
Medium | protoperithecia and Nitrate 
| per field ascospores 
P-minimal medium cotaining 3 | 
30 g./liter KNO,, plus sulfur............... 1.134 .641 none - present 
Ditto, minus sulfur 2.204 0.07+ .071 none | present 
Ordinary P-minimal medium (control), 40.2741.93 present none 


1 Protoperithecia unpigmented. | 
? One pseudoperithecium (perithecium without ascospores) observed on three Petri 


plates. 
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Figure 3. Tyrosinase activity and protoperithecia formation as a function of time in 

Neurospora crassa strain W 2/49 A, grown on P-minimal medium at 25°C. Curve 1: 

tyrosinase activity of ground suspensions; net increase in optical densityX100 in 30 

minutes. Curve 2: ditto; net increase in optical densityX100 in 60 minutes. Curve 3: 
number of protoperithecia. 


melanin is due to an absence of tyrosine, or yet some other mechanism is 
not known. 

In order to compare tyrosinase activity at different stages of growth with 
protoperithecia development, an experiment is performed using 25°-myce- 
lium harvested at different intervals during two weeks. 

The mycelia are dried as before and stored in dry ice; the assay is done 
three days after harvesting the last medium. Storage of the mycelium in 
dry ice increases the tyrosinase activity of the resulting suspensions consi- 
derably; the reasons for this effect are not understood. Results are given 
in figure 3, together with a typical curve representing the increase in proto- 
perithecia with time. Both tyrosinase activity and protoperithecia formation 
begin between the second and third day, but tyrosinase activity seems to 
precede the formation of protoperithecia somewhat. The greatest increase 
in rate of protoperithecia formation coincides with maximal tyrosinase 
activity of the mycelium. 


VII. The Influence of Tyrosinase Inhibitors and some other Enzyme 
Inhibitors on Protoperithecia Formation 


A further analysis of the relation between protoperithecial differentiation, 
tyrosinase, and melanin is attempted using known inhibitors of tyrosinase 
(see e.g., Wisansky et. al., 1941; Bernheim and Bernheim, 1942; Horowitz 
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Table 7. Influence of inhibitors of tyrosinase on protoperithecia formation in Neurospora 
crassa strain W 2/49 A. Medium: P-minimal agar. Temperature of incubation: 25°C. The 
relative abundance of protoperithecia is expressed by the + and — signs, increasing from 
none observed (—) to very abundant (+4). The (+ —) sign indicates that at few proto- 
perithecia per Petri plate have been observed; these were, however, quite pale in color as 
contrasted with the usual brown pigment exhibited by normal protoperithecia. 


———————...——————————— LL 
| 
| Protoperithecia after varying periods | 
| Inhibitor used and final concentration | of growth (in days) 
4 6 | 9 12 
NONE Gan See ee desert ee |. + +. +. +. | ! LL) 
p-aminobenzoic acid, 3.6 X 10—2M ......... = ae I = ae ii + 
| Sodium thioglycolic acid, 3.8 X 10—2M … — a | = + 
Sodium thioglycolie acid, 1.1 X 10—3M ... | + | | ++ 
| CORNE TN eerie ae Pee ee | — = | = 
CHE QT OR a | I tt 
Phenyithiourea, 3.3 % LO=3M 22.02 ana | == | — | Su 


and Shen, 1952). The expectation that it might be possible to suppress proto- 
perithecia formation with these substances is confirmed. 

It is, of course, not known whether these compounds act by inhibiting 
tyrosinase, by preventing its formation, or by yet some other mechanism. It 
can be said, however, that these substances are widely different chemically, 
that they have the known common property of inhibiting tyrosinase, and 
that they also inhibit the formation of protoperithecia, Although a few are 
also somewhat inhibitory on growth, at least one of them( para-amino- 
benzoic acid) is not; moreover, no consistent relation between growth and 
protoperithecia formation exists (e.g., protoperithecia are formed when 
either nitrogen or phosphorus is left out from the medium — conditions 
which permit only a very small amount of growth to take place; see also 
next section). 

The tyrosinase inhibitors used, para-aminobenzoic acid, thioglycolic acid, 
cysteine, and phenylthiourea, are incorporated into P-minimal media. The 
results from a number of experiments are summarized in table 7. All of the 
four inhibitors, when used in suitable concentrations, inhibit the formation 
of protoperithecia in strain W 2/49 A. No visible melanin is formed on the 
plates, and the few protoperithecia which do appear are quite pale in color. 

It should be noted that growth on all these media is good, with exception 
of the media containing 3.8X10-? M thioglycolate, 10°? M cysteine, and 
3.31073 M phenylthiourea, in which growth is somewhat inhibited, espe- 
cially during the first few days of incubation. A concentration of 3.3X10-? M 
phenylthicurea (not included in the table) prevents growth completely and 
even lyses the conidia used for inoculation, while 3.3 X 10-4 M phenylthiourea 
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and 2.8X10-* M thioglycolate (also not included) actually seem somewhat 
stimulatory to protoperithecia formation. 

It seems doubtful that the effect of these substances might be due simply 
to a lowering of the O/R potential of the medium as p-ABA is also effective 
and as conidia formation (a typically aerobic process) takes place on all the 
media. On the other hand, it is obvious that the effect is not simply due to 
the additional nitrogen which these substances supply, because thioglycolate 
(which contains no nitrogen) is effective. Besides, the inhibitory concentra- 
tions of 3.3%X10-3 M phenylthiourea and 10°? M cysteine contribute only 
92 mg. and 140 mg. of nitrogen per liter, respectively (see section 4, and 
tables 2 and 3). 

In a cross between Abbott A and Abbott a strains on P-minimal and 
P-complete agar slants, 3.6X10-? M p-aminobenzoate is found to inhibit 
fruit formation greatly but does not completely prevent it. 

These experiments are continued with some other enzyme inhibitors with a 
dual aim in mind: 1.) to determine how inhibitors not known to affect 
tyrosinase would act on protoperithecia formation and 2.) to induce changes 
in the energy relationships of the mold. There are a number of claims in 
the literature (see, e.g., Ronsdorf, 1931) that a large amount of growth is 
per se exclusive of sexual development in the fungi, and the reduction in 
both numbers and development of sexual structures in lower and higher 
plants due to excessive vegetative development, and associated usually with 
a low C/N ratio, is a well known phenomenon. It was thought that it might 
be possible to grow strain W 2/49 A on the medium containing a large 
amount of amino-N (where growth is luxuriant but protoperithecia are 
absent) in the presence of substances interfering with phosphate metabolism 
and thus restrict growth and possibly reestablish the formation of proto- 
perithecia. 

The three inhibitors used are streptomycin, 2.4-dinitrophenol (DNP), and 
sodium arsenate. All three are known to interfere with phosphate metabolism 
(for ref. see Hirsch and Wallace, 1951). The organisms are grown on filter- 
paper on the following media: P-minimal, P-minimal without phosphate, 
P-minimal containing 3000 mg. amino-N in the form of hydrol. casein A 
per liter, P-minimal with 3000 mg. amino-N per liter without phosphate 
and NaCl. 10 ml. of liquid medium are used per Petri dish, to which is 
added 1 ml. of inhibitor. The final inhibitor concentrations are the following: 
dihydrostreptomycin (Leo), 2000, 500, and 100 ug. per plate; DNP, 1.48% 
10”? M and 1.48X10-* M; Na,HAsO, : 7 H,0, 3.6X10-2 M, 9X10-3 M, and 
9X10~* M. All three inhibitors are adjusted to pH 7.0 before use; arsenate 
and DNP are sterilized by autoclaving, streptomycin by filtration. Controls 
contain 1 ml. of water instead of inhibitor*-After incubation at 25° for 10 
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days the plates are conidiated with Abbott a and reincubated to determine 
the effect of the inhibitors on fruit development. 

Growth on P-minimal medium without phosphate in the absence of 
inhibitors is poor to fair and a considerable number of small protoperithecia 
are formed; only very rarely, however, does a perithecium develop following 
conidiation with Abbott a. On the P-minimal plus hydrol. casein medium 
growth is excellent in the absence of added phosphate. 

Streptomycin, in the concentrations used, is completely without effect on 
either growth, protoperithecia or perithecia formation, even in the absence 
of added phosphate and chloride. 

3.6X 107? M arsenate completely inhibits growth on all media, while 
9X10~* M arsenate has no very striking effect in any medium though 
ripening of ascospores is delayed on P-minimal medium and growth is 
somewhat reduced on the media without phosphate. The most striking 
effects are obtained with the intermediate concentration: presence of 
9xX10”? M arsenate cuts down growth and protoperithecia formation con- 
siderably on P-minimal medium and reduces growth on P-minimal plus 
hydrol. casein medium. In the absence of phosphate, however, no growth 
is obtained on any medium; the conidia used for inoculation do not germi- 
nate. These results show clearly a competitive interaction between arsenate 
and phosphate. Arsenate at this concentration has another interesting effect: 
when the protoperithecia developing on P-minimal medium are conidiated 
with the opposite mating type, the fruits which develop remain often very 
small and no ascospores develop in any of them. It seems, therefore, that 
arsenate has an effect on fruit and ascospore formation; it is possible that 
fertilization itself is interfered with. 

The effects of DNP are the following: the lower concentration has little 
striking effect in any medium except that growth is somewhat restricted in 
the media without phosphate. With the higher concentration, however, 
definite effects can be observed. On P-minimal medium almost as much 
growth and almost as many protoperithecia occur as in the controls and 
nitrate disappears; however, the perithecia which develop following coni- 
diation with Abbott a all remain very small and contain no ascospores. On 
the media containing hydrol. casein, both in the ‚presence and absence of 
phosphate, much less growth occurs as compared with the controls; i.e., DNP 
seens more inhibitory on a rich medium than on a poorer one. The reason 
for this is not understood, but it may indicate that different synthetic 
pathways are differentially affected by DNP. It should be noted that this 
cutback in the amount of growth does not favor the formation of proto- 
perithecia and thus the initial expectations are not realized, though DNP 


is not per se inhibitory on protoperithecia formation. 
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This experiment is partially repeated by growing the organisms on agar 
media instead of on filterpaper with essentially similar results. 

The following conclusions can be made: 1) The locus of action of arsenate 
and DNP is different from that of the tyrosinase inhibitors, and it appears 
that the suppression of protoperithecia obtained with the latter is not simply 
due to a nonspecific poisoning which can be obtained with any inhibitor. 
2) The presence of arsenate and DNP in suitable concentrations permits a 
considerable number of protoperithecia to appear and these contain melanin; 
however, these protoperithecia (this is more pronounced with DNP than 
with arsenate) increase only very slightly in size following conidiation with 
the opposite mating type and no ascospores are found. It appears, therefore, 
that perithecial development and ascospore formation, and possibly ferti- 
lization itself, are interfered with in the presence of these inhibitors. 3) It is 
not possible to re-introduce protoperithecia formation on the media con- 
taining large amounts of amino nitrogen by restricting growth through the 
use of inhibitors. 


VIII. Discussion 


There are two different aspects to the present investigation. One is a 
limited one: a study of factors promoting or suppressing the expression of 
sexuality in Neurospora. The second is a broader one: to investigate whether 
a system such as the one described here may be a useful tool for investiga- 
ting problems common to genetics and morphogenesis. 

As to the first aspect: it has been demonstrated by many workers with a 
number of fungi and algae, and amply confirmed here with Neurospora, 
that the expression of sexuality in these forms is strongly influenced by the 
environment. The present investigation reveals a rather striking parallel 
between differentiation on the morphological level, leading to the produc- 
tion of protoperithecia, and differentiation on the biochemical level leading 
to the production of melanin. From microscopic observations made fre- 
quently in the course of this work it appears that protoperithecia are formed 
first as discrete structures which are indistinguishable in color from the 
surrounding mycelium and that melanin is deposited in them subsequently. 
Tyrosinase activity of the mycelium starts concomitant with or slightly 
precedes the formation of protoperithecia. The reduced number of proto- 
perithecia which are formed on media containing increased amounts of 
nitrogen or in the presence of tyrosinase inhibitors usually appear unpig- 
mented and are partly or completely nonfunctional. It is thus clear that 
there exists a strong correlation between tyrosine metabolism and the forma- 
tion of functional protoperithecia. It can be said, quite generally, that any 
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condition which interferes with melanin production in any way (higher 
temperature, increased nitrogen, tyrosinase inhibitors) also has an inhibitory 
effect on the formation or normal functioning of protoperithecia. Whether 
tyrosine metabolism is causally connected with the induction and normal 
functioning of the female sex bodies, or whether tyrosinase formation and 
melanin deposition are simple, though invariably present, » Begleiter- 
scheinungen» of protoperithecial differentiation and have nothing to do 
with their induction and normal functioning is difficult to determine unequi- 
vocally. 

If the »Begleiterscheinung» theory is the correct one, then the real indu- 
cers of the female sex bodies remain unknown. In contrast to Achlya, where 
Raper (1952) has demonstrated, though not chemically identified, the pre- 
sence of sex hormones, such substances have never been unequivocally 
shown to be present in Neurospora. As pointed out in section III, a consi- 
derable number of experiments designed to demonstrate the presence of 
hormones or morphogenetic substances capable of inducing the formation 
of protoperithecia in Neurospora were unsuccessful. Such negative evidence 
is, of course, never convincing, and it is possible that hormone-like sub- 
stances capable of the induction of protoperithecia will some day be found. 
However, the evidence brought forth here, plus the fact that tyrosine and 
melanin have frequently been implicated in processes associated with diffe- 
rentiation, make its seem possible or even likely that it is these phenomena 
which are directly connected with the induction of the female sex bodies in 
Neurospora. Of particular interest now would be a comparative genetic study 
of the loci responsible for protoperithecia and melanin formation, as well 
as an investigation of tyrosine metabolism in strains producing no proto- 
perithecia. 

Some authors have maintained that there exists in the fungi and algae an 
obvious and simple relation between the amount of growth taking place and 
the development of sexual structures, a »median» amount of growth being 
necessary for the latter process to take place (see, e.g., Ronsdorf, 1931). Such 
a consistent relationship has not been found to exist with regard to proto- 
perithecia formation in Neurospora, It seems, rather, that changing the 
relative and absolute amounts of carbon and nitrogen can affect different 
stages in the sexual cycle of the organism, and if any generalization can be 
made it is that conditions which prevent the exhaustion of nitrate (and 
possibly nitrogen in general) will always affect adversely both the number 
and functioning of the protoperithecia formed, but that the intensity of 
this effect is dependent in a secondary way on the C/N ratio of the medium 
in which the organism has been grown. There are many data in the litera- 
ture which support the view that in the fungi and algae the nitrogen in the 
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medium must be low or depleted before gamete differentiation and zygote 
formation can take place (Klebs, 1900; Benecke, 1908; Robinson, 1926; 
Lerche, 1937; Sager and Granick, 1953). The same seemed to hold true 
here. A closer analysis showed that the presence of nitrogen(in the form 
of nitrate) does not interfere with zygote and perithecia formation but that 
it is a stage in the differentiation of the protoperithecia which, in greater or 
lesser degree (depending on the C/N ratio of the medium on which growth 
had taken place), is affected here. 

Hawker (1950) has pointed out that it is probable that more energy is 
required for the formation of the fungal fruit body than for vegetative 
growth. Results obtained here seem to support such a view. P-minimal 
medium without added phosphate permits a fair amount of growth and 
protoperithecia formation to occur but fruits are formed only rarely fol- 
lowing conidiation with the opposite mating type. The same holds true of 
dinitrophenol and arsenate; both are substances interfering with energy 
metabolism and they seem more effective in curtailing the production of 
mature fruits than in their effects on growth and protoperithecia formation. 


As for the second aspect mentioned in the beginning of this discussion: 
the varying »physiological states» of Neurospora crassa described earlier 
and associated with different conditions of temperature or nutrition, recall 
to some extent the data of Sonneborn, Beale, and their coworkers (for 
ref., see Beale, 1952), concerning type variation in Paramecium. They also 
bring to mind the notions of flux equilibria and open systems (see, e.g., 
Delbriick, 1949) capable of shifting the cell from one state of equilibrium 
into another under the influence of transitory environmental changes. Such 
systems are assumed to be capable of many possible degrees of stability, 
varying from the freely reversible to the irreversible. In the system described 
here (a freely reversible one), such expedients as changes in temperature or 
medium, or use of certain inhibitors, can lead to such a shift in the »physio- 
logical balance» of the organism as to either suppress or allow the expres- 
sion of sexuality, as manifested by the production of protoperithecia. To 
shift emphasis, one might put it this way: the process of protoperithecia 
formation requires the function of certain genes some of which may be 
associated with melanin formation, but these genes act only under proper 
environmental conditions. 


Apart from Paramecium, problems of genetics and development have, due 
to inherent limitations in the biological material, been studied most fre- 
quently in separate organisms. It is tempting to think that Neurospora, 
which is well suited for genetic analysis, and in which morphogenetic 
processes can be easily controlled by proper manipulation of the environ- 
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ment, might be suitable material for the study of these two aspects in one 
and the same organism. 
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Summary 


The relation of environment to the differentiation of protoperithecia and 
two closely allied phenomena, tyrosinase and melanin formation, has been 
studied in Neurospora crassa. 

A temperature of 25° C is optimal as regards the formation of protoperi- 
thecia while a temperature of 35° inhibits both the formation of proto- 
perithecia and fruitbodies. 

Increasing amounts of nitrogen, both organic and inorganic, depress and 
eventually suppress protoperithecia formation specifically; protoperithecia 
formed at intermediate concentrations of nitrogen appear unpigmented and 
are largely or wholly nonfunctional, the latter depending in a secuuuary 
way on the carbon/nitrogen ratio of the medium on which growth has 
taken place. 

The pigment present in the protoperithecia has been found to be melanic 
in nature; it is produced to a considerable extent only under conditions 
permitting the formation of functional protoperithecia. 

Mycelia grown under conditions permitting optimal protoperithecia forma- 
tion show strong tyrosinase activity which makes its appearance conco- 
mitant with or slightly precedes protoperithecial formation; the greatest 
increase in rate of protoperithecia production coincides with maximal tyro- 
sinase activity of the mycelium. Tyrosinase and melanin are low or absent 
in mycelia grown at 35°. Mycelia in which protoperithecia formation has 
been completely suppressed through the addition of organic nitrogen show 
very little tyrosinase activity after 7 days’ growth and tyrosine is oxidized 
only to a red pigment; after 14 days a strong tyrosinase can be demonstrated 
which rapidly oxidizes tyrosine to melanin, but during actual growth only a 
very small amount of melanin deposition takes place. This inhibition is not 
due to the presence of sulfur-containing substances. The possible significance 
of these findings is discussed. 

By appropriate changes in the relative and absolute amounts of carbon 
and nitrogen different stages in the sexual cycle of the organism can be 
affected, but any condition which prevents the exhaustion of nitrate (and 
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possibly nitrogen in general) always affects in a deleterious manner both 
the number and normal functioning of the protoperithecia formed. The 
processes of fertilization and fruit formation, on the other hand, are not 
greatly affected by the presence of nitrate. 

Use of tyrosinase inhibitors suppresses the formation of protoperithecia 
and melanin more or less completely; some other enzyme inhibitors used do 
not show the same effect and apparently have another site of action. 

The question of whether tyrosine metabolism has a causal relation to the 
differentiation and normal functioning of protoperithecia, or whether tyrosi- 
nase and melanin are invariable, though accidental, concomitants of proto- 
perithecial formation is discussed. 
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The recent development of chromatographic techniques for separation and 
identification of compounds has opened a new and valuable means for 
separation and identification of growth regulating substances in plants. The 
paper chromatographic technique which is finding application in such studies 
only recently has immense possibilities and a detailed study was therefore 
undertaken. 

Most of the known synthetic growth regulators are derivatives of indole, 
phenoxyacetic acid, benzoic acid, naphthalene and phenylacetic acid. Until 
recently there has been no suitable method of studying the fate of such 
compounds in plant tissues. Recent evidences indicate that there may be 
indole type of compounds in plants other than indoleacetic acid with growth 
promoting properties. This communication reports the chromatographic 
separation and detection of synthetic plant growth regulators and allied 
compounds commercially available. 


Material and Methods 


The ascending method of chromatography was followed. 2—5 ul of a 1 
per cent solution of the compound in alcohol or water was concentrated on 
equi-distant points along a line drawn parallel to one edge of Whatman’s 
No. 1 filter paper. The paper was then folded in the form of a cylinder, 
stapled and placed in a glass jar containing the solvent at the bottom, The 
papers were removed after the solvent front had ascended a distance of 
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20—30 cm, the time taken depending on the nature of the solvents. Papers 
were usually dried in warm air before being sprayed with suitable reagents. 

Solvents. Yamaki and Nakamura (17) tried a large number of solvents 
for chromatographic separation of indoleacetic acid and found 70 per cent 
ethanol to be the most suitable. Isopropanol-ammonia-water in different 
proportions has been used by British and German workers (1, 2, 10—12). 
A variety of solvents of diverse chemical nature were tried in the present 
investigation including those mentioned above. 

For water-saturated phenol, Mallinckrodt’s phenol (A.R.) was used without 
any purification. The composition of butanol-propionic acid-water was that 
given by Benson et. al. (3). Isopropanol-ammonia-water was used in the 
ratio of 10:1 :1, butanol-ethanol-water in the ratio 4:1:1, butanol-ethanol- 
ammonia in the ratio 1:1:2, pyridine-ammonia in the ratio 4:1. Solvent 
mixtures incorporating chloroform, acetone, ethyleneglycol, formamide etc. 
were tried with very poor results. 

Reagents. Ferric chloride-perchloric acid was prepared by adding 2 ml. 
of .05 M FeCl, to 100 ml. of 5 per cent HClO, (2). The nitrous acid reagent 
used for colorimetric estimations by Mitchell and Brunstetter (13) was 
employed with slight modification: KNO, 1 g., HNO; 20 ml., 95 per cent 
ethanol 80 ml. p-dimethylaminobenzaldehyde was prepared by dissolving 
1 g. of the pure compound in 1 N HCl. Cinnamaldyhyde solution was made 
by mixing 5 ml. of cinnamaldelyde, 95 ml. of ethanol, and 5 ml. cone HCI. 
Papers were heated for 3 to 10 minutes at 65° C in an incubator for color 


development. 


Results 


The Rp values of the compounds tested are given in tables 1 and 2. Table 
3 depicts the fluorescence and color reactions of the indole compounds with 
various reagents utilized for their detection on paper. The values for the 
minimum amount of the substance required to produce suitable color is 
approximate, and in some cases lower concentrations may be detected. 

From table 1 it is clear that most of the indole derivatives have rather 
high Rp values in most of the solvents utilized. Phenol-water and butanol- 
propionic acid-water are rather poor solvents for the chromatography of 
indole compounds because of the generally high Rr values. With 70 per cent 
ethanol, recommended to be the best by Yamaki and Nakamura (17), the 
results are better but the Rr values are still rather high and many of the 
neutral compounds overlap when a mixture of them is chromatographed. 
The same is the case with pyridine-ammonia and butanol-ethanol-water. 
Incorporation of ammonia which is known to lower the Ry values (2) fails 
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to make any improvement. Isopropanol-ammonia-water is definitely the best 
of the organic solvents tried and very good separation is obtained for a large 
number of compounds. With suitable indicators this solvent may be used in 
the separation and identification of almost all the indole compounds so far 
known to occur in plants. 

Compounds which are difficult to separate with organic solvents can be 
separated utilizing water alone as a developing solvent. A great advantage 
with water is the very short time taken for development. A distance of 40 
cm. may be traversed in 3 hours. With water, however, only low concentra- 
tions of the compounds should be tried as otherwise the spots become large 
and diffuse. 

Indole itself moves faster than most of its derivatives in most of the organic 
solvents, sometimes with the solvent front. Neutral compounds with substitu- 
tions in the 3-position possess nearly the same Ry values, but introduction 
of a carboxyl group lowers the Rr values, sometimes sharply. Further 
increase in chain length usually increases the values. Substitution with an 
NH,-group results in decreased mobility of the substance, e.g. tryptophan, 
tryptamine, gramine. Substitution with an O-atom or an OH-group, e.g. 
isatin, dihydroxyindole, indoxyl acetate, also lowers the Rr values in some 
of the cases. The effect of introduction of an acetyl group in the N-position 
depends on the nature of the compound and the solvent used. In the case of 
indican considerable lowering of the values occurs. Indigotin which is inso- 
luble in most solvents does not move at all, as expected. The two sulfonated 
derivatives tested move with certain solvents and the two can be separated in 
isopropanol-ammonia-water or in 70 per cent ethanol. Indirubin, however, 
is soluble in the alcoholic solvents and moves with the solvent front in most 
of the cases. In water the Rp values are generally very different than in 
organic solvents: compounds which move fast with organic solvents have 
much lower values while those which move rather slowly in organic solvents 
have much higher values. 

A highly useful means of detecting the compounds on paper was through 
the use of ultraviolet fluorescence. Almost all indole compounds fluoresce 
in ugm quantities, and where color reagents cannot be sprayed the ultra- 
violet fluorescence can be used as an indicator (Table 3). Detection by 
fluorescence has the advantage of being extremely rapid and of not altering 
the condition or purity of the substance on paper. 

Of the four color reagents tried p-dimethylaminobenzaldehyde is the best. 
It reacts with most indole compounds producing various shades of color, The 
colors of the compounds however change with time and the reagent also dete- 
riorates after a week, even when stored in a refrigerator. Ferric chloride- 
perchloric acid reagent (2) is also a very good reagent and can be stored 
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Table 2. R, values of some aromatic acids with growth-regulating properties and 
allied compounds. 


ee en. 


| 
| Rr value in — 
Compound RC z = ee 
\itehenelewates Butanol-propionic Iso-propanol- 
A. Benzoic Acid Derivatives: | | 
Benzoic acid... een .89 | .92 55 
o-bromo benzoic acid ........ 86 | .93 .55 
m-bromo benzoic acid ........ ‚91 .93 .66 
p-bromo benzoic acid ........ -86 = .59 
o-chloro benzoic acid ........ .76 .93 58 
m-chloro benzoic acid ........ 85 94 .69 
p-chloro benzoic acid ........ .90 El .64 
2 4-dichloro benzoic acid .... ‚82 95 18 
3.4-dichloro benzoic acid ....| .75 94 78 
2,3,5-triiodo benzoic acid De .92 78 
m-hydroxy benzoic acid ...... | 78 90 i 
p-hydroxy benzoic acid ...... .76 .92 ED 
2,4-dihydroxy benzoic acid .... .60 | El 
o-amino benzoic acid ........ | -85 92 .30 
m-amino benzoic acid ........ .86 .86 14 
p-amino benzoic acid ........ 81 .96 .16 
2,5-dinitro benzoic acid ...... .80 .80 2 
3,5-dinitro benzoic acid ...... | .80 .86 .59 
2-amino 5-chloro benzoic acid | 119 .94 44 
2-chloro 5-nitro benzoic acid .. = = 59 
B. Phenylacetic acid ............ 83 .92 .51 
C. Phenoxy acetic acid Derivatives: | 
Phenoxy acetic acid .......... — | OL .67 
| o-chloro phenoxyacetic acid .. = .89 .60 | 
| p-chloro phenoxyacetic acid .. | = .89 .56 
| 2 4-dichloro phenoxyacetic acid .83 91 .67 
3,4,5-trichloro phenoxyacetic .. .76 .94 .80 
D. Naphthalene Derivatives: 
a-naphthalene acetic acid .... .93 94 | 58 
B-naphthoxyacetic acid ...... .90 | pl | .60 | 


indefinitely at room temperature. It however does not react with certain 
compounds and the paper becomes very brittle when sprayed with this 
reagent. The heating time following the spraying should be carefully con- 
trolled as otherwise the whole paper turns black. The nitrous acid reagent 
is less sensitive than the two mentioned above, and the cinnamaldehyde 
reagent suffers from the same defect. In some cases special reagents were 
used. Color-reactions with the reagents utilized by other workers have been 
included in the table for convenience. 

The Rp values of the benzoic acid, phenoxyacetic acid, and naphthalene 
derivatives and phenylacetic acid are given in table 2. The chromatograms 
were sprayed with bromcresol green for detection of the acid spots. Yellow 
spots were obtained on a blue-green background. In butanol-propionic acid- 
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water most compounds have Rr values between .90—1.00 and this solvent is 
therefore a poor one. Water-saturated phenol is a better solvent but the 
values are rather high and some of them may overlap when a mixture is 
chromatographed. Here also isopropanol-ammonia-water is definitely the 
best of the solvents used as most of the compounds can be separated with 
this solvent. Other solvents gave no better results. In many cases streaking 
was observed. 

In isopropanol-ammonia-water substitution of halogen atoms on the ben- 
zoic acid nucleus results in higher Rr values, the degree of increase depen- 
ding on the positions of substitution. Thus, of the 3 isomers of chloro- and 
bromo-benzoic acids, a halogen substitution in the meta position results in 
the highest Rr values. Introduction of NH, or OH groups on the other hand 
decreases the Rp values. Substitution with NO, groups does not alter the 
values much. With chlorophenoxyacetic acids the Rp values increase with 
the increased numbers of substitutions with Cl atoms. In phenol-water substi- 
tution on the benzoic acid nucleus usually results in a decrease of Rp values. 


Discussion 


From the data presented in this paper it is clear that with proper selection 
of solvents and reagents the plant growth regulators can be separated and 
identified by paper chromatography. The Rp values in such organic solvents 
as phenol-water and butanol-propionic acid-water are rather high and are 
therefore of little use in separation of a large number of compounds. Such 
solvents can however be utilized in separating the growth regulators from 
other constituents present in a plant extract, most of which have lower Rr 
values. Amounts in good concentrations can be isolated in a partially puri- 
fied form by applying the original solution along a line, developing in a 
direction at right angles to it, cutting out the relevant band and eluting it in 
a small volume of solvent. This partially purified extract can then be resolved 
with isopropanol-ammonia-water. 

It is of interest to note that with water, the compounds which move faster 
with organic solvents are slowed down while the slower compounds move 
faster. The separation in this case however is not a case of pure liquid- 
liquid partition, and adsorption may have an important role to play. Water 
has also been utilized by Roberts and Wood (14) and by Swain (15) for 
separation of tea polyphenols and coumarins respectively. Swain (15) obser- 
ved that assuming a=1, and Aï/As lies between 3 and 5 as calculated by 
Consden et. al. (9), it follows from their equation a=A;/Ag (1/Rr—1), that 
the Ry’s should lie between .75 and .83 and none of his values were »signi- 
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ficantly» higher than this. In the present investigation, however, all the 
aliphatic acids of indole, indican and the sulphonates of indigo have been 
found to have Rr’s higher than .83. Burma and Banerjee (7) observed that 
most of the amino acids investigated by them had Rp values of more than 
.83 in water. The paper chromatographic separation of indole compounds is 
thus difficult to explain on pure partition conceptions; Burma’s (8) three- 
phase system may however be a possible explanation. 

Most of the aromatic acids have also very high Rp values in the solvents 
investigated except isopropanol-ammonia-water. Benzene-acetic acid-water 
used by Bray et. al. (6) has been recommended by Block et al (5) for separa- 
tion of hydroxybenzoic acids, but most of the Rp values range from .90—1.00 
and are thus of little use. Previous works on a few benzoic acid derivatives 
have been summarized by Block et al: the Rp values given are in solvents 
not used by the present authors, some of which may be used with advantage. 


Summary 


1. The chromatographic behavior of a large number of plant growth 
regulators and allied compounds has been studied with special reference to 
indole compounds. Rr values of the compounds in a large number of solvents, 
their color reactions and ultraviolet fluorescence have been studied. 

2. Isopropanol-ammonia-water and pure water have been recommended 
for use as developing solvents in one dimensional or two dimensional chro- 
matography of indole compounds. With water results may be obtained in 
about two hours. For the aromatic acids also isopropanol-ammonia-waler was 
found to be the best of the solvents tried. 

3. The relationship between the structure of compounds and Ry values 
has been discussed. The partition theory in relation to chromatographic 
separation of indole compounds on paper has been examined. 
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Investigations of the Cytoplasmic Particulates and Proteins 
of Potato Tubers. I. Bound Water and Lipid Contents 


By 
J2PEVITE 


University of Missouri 
(Received September 23, 1953) 


In a previous investigation (Levitt 1952), the particulates and proteins of 
potato tubers were fractionated and the amounts of each determined quanti- 
tatively. When tuber halves were transferred from 3° °C, to 26 C., smaller 
yields of both the mitochondria and the microsomes were obtained. Since 
publication of this paper, similar determinations were made over a 9-month 
period with the same results (Table 1). As in the previous experiments, a 
single lot of tubers was stored at 3° C. throughout the year and sampled 
monthly. 

Statistical analysis of the results reveals that the difference between the 
means for the microsomes obtained during January—May is significant 
even at the 1 per cent level. Too few results are available from September 
to December to yield statistically significant differences, though the means 
are very close to those for the winter and spring months. Thus there is no 
evidence of any connection between the decrease in microsomes and the 
rest period of the tubers (September—December). The differences between 
the means for the mitochondria are not statistically significant, due to the 
much higher variability in the individual values. This variability is at least 
partly due to the small but variable amount of plastids that was thrown 
down with the mitochondria. But in spite of the lack of a statistically signi- 
ficant difference between the means, the difference is obviously valid since 
it occurred in fifteen out of the sixteen cases (as well as in six out of 
eight cases the previous year — Levitt 1952). 
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Table 1. Mitochondria and microsomes in potato tuber halves stored at 3° C. and cor- 
responding halves transferred to 26° C. for 10 days (g. per 100 g. potato powder-dried in 
vacuo over AlsO3 at 3° C.). 
Sr ET 


| Mitochondria Microsomes 
Date | = = = = = —- 
| se © 26° C IE AS C 
( 0.143 0.103 
September 1952 ...... | 0.133 0.105 
0.166 0.085 0.157 0.115 
N nase { 0.184 | 0.142 0.185 0.144 
0.164 0.153 0.151 0.129 
NOVORENS Léon { 0.136 0.126 0.196 0.151 
0.154 0.159 0.139 0.150 
zZ 0.174 0.159 0.158 0.155 
ee 0.167 0.103 0.137 0.126 
EUG SURE ae 0.152 0.140 0.165 0.140 
a 0.173 0.156 0.183 0.138 
a Ne van 0.169 0.112 0.205 0.150 
ee 0.205 0.173 0.176 0.148 
VE UR CHI ereisrereteiteiete 0.144 0.098 0.158 0.126 
0.256 0.176 0.166 0.147 
ee 0.244 0.202 0.170 0.144 
es 0.224 0.176 0.160 0.147 
Semeur area 0.246 0.223 0.170 0.130 
Men September eceın ben | 0.164 0.132 
Confidence Limits at 30/0, Veen + 0.028 + 0.016 
January May 0.169 0.140 | 
Mean ‘Confidence Limits at 5 Yo Level .................. + 0.014 + 0.002 | 
Contidencenlinnits at 0e Vel re + 0.017 + 0.003 


It might of course, be asked whether the decrease is real or apparent, 
since it is expressed per unit of dry matter, An increase in other constituents 
of the tuber at 26° C. could lead to an apparent decrease in the protoplasmic 
particulates. The contrary, however, is the case; for the tuber halves at 
26° C. must respire much more actively than those at 3° C., in this way 
using up some of their carbohydrate reserves. Another possible source of 
misinterpretation is the fact that the particulates were expressed on the 
basis of potato powder dried at 3° C. in vacuo over activated Al,O, instead 
of on the basis of ovendry weight. Potato powder dried in this way retains 
some moisture, and if a larger amount were held by the tuber halves kept 
at 26° C., this could conceivably account for an apparent decrease in parti- 
culates. Again, the contrary is the case (Table 2). The tuber halves kept at 
3° C. retained slightly larger amounts of water when dried over Al 20; than 
did the halves kept at 26° C. This was to be expected on account of the 
higher sugar content of the former. 
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Table 2. Moisture content of freeze-dried potato powder (per cent of weight lost at 108° C., 
after drying in vacuo at room temperature). 


| Date | Stored at 3° C | 10-days at 26° C 

| Oct. 1952 ...| 13.2 12.6 
No | 16.4 16.0 

| Jan an) AT 13.9 

Eee | 17.3 | 14.4 


It can, therefore, be concluded that due to the above two complicating 
factors, the decrease in protoplasmic particulates found to occur at 26° C. 
is actually an underestimate. But there is still another possible source of 
error. The particulates themselves were dried at 3° C. in vacuo over Al,O, 
and therefore the dry weights given above include the »bound water» that 
would have been driven off at 100° C. If a difference occurred between the 
amounts of water held by the particulates from the two treatments, this 
might account for the apparent decrease. That water actually is held by 
the particulates and by the other protein fractions had been found earlier 
in the following way. The standard procedure was to permit the fractions 
to attain essentially equilibrium weight (see below) in vacuo over ALO; in 
the cold room, Before weighing, the desiccator was allowed to come to 
room temperature. When equilibrium weight was apparently reached, the 
samples were stored over CaCl, in a desiccator at room temperature. 
Reweighings after periods of 1—4 months invariably revealed a significant 
loss in weight that increased with the time of storage. This loss in weight 
was suspected to be due to a slow decrease in hydrophily, due perhaps to a 
gradual denaturation of the proteins. 

In order to investigate this hydrophily, »bound water» was determined 
as follows. The protein fractions were first dried in vacuo over AlL,O,, as 
heretofore, for a period of four days. This standard time was necessary, 
since absolute equilibrium was never obtained. (In a previous investigation 
— Todd and Levitt 1951 — freeze-dried mold mycelium was sometimes 
found to be losing weight very slowly even after a month of repeated 
evacuations over ALO.). The samples were then transferred to an oven at 
407—108° C. for two days (which was found to be sufficient for equilibrium 
to be reached) and again weighed after allowing to come to room tempera- 
ture. The difference in weights was taken as the bound water. 

The results of 10 determinations made during the months of January— 
May are given in Table 3. That these results should vary as much as they 
do is far from surprising. Thus the first drying was not made at a constant 


vapor pressure, since the Al,O, varies in dehydrating ability (due to the 
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Table 3. Per cent bound water in potato particulates and proteins dried in vacuo Ges? G. 
(determined by second drying at 108° C.). 


EEE À 
EEE pene - 


Acid f ; 
crs Mitochondria} Microsomes are Globulins Albumins 
3° 26° 3° | 96° 3° 26° ae 26° 3° 26° 
No Re | ca En el 
3 I) 25% | 117110 | 19.1], 144) 12:71 °64.10059)690 738 
Kun NER coi { His | 40.7 | 17.6 | 129°) 15.7 ) 1954) ar | A ost 
il 891 “97 | 140 | 1223| 123 | 15.21) San 94 7 230 
UR rd 16.0 91 | 16.65) 980 135152 220 
I) 10.700841 117.00 1281| 147 | 94 PCO Faso at 
Mar. nee Tidy 104.1.301.108.| 102.155, eis ound 521 0:0 | 00 
À 1. 991088514130 019.0 13:87 12,541) 25-0 NS Sedo os 
DEN It 126 14.8) 153 | 074 15.00) 145 0077 44| 09| 02 
Fr [| 20.6 10159. 17.50 20.44 27.0, 2321 96.2900 ees 3 
NE It | 252 1 26.0] 29.47) 50.00 14.2. 14.9) 864 9.8) ean ia 
Meant ue 16.43) 11.55} 15.42} 16.04] -15.62| 14.33] 6.48] 6.70] 2.79] 2.48 
Confidence Limits 
at 50/0 Level ...|-+ 4.43/-+ 4.49|4+ 2.48|+ 2.35/4 2.89|+ 2.55/+ 1.69|+ 1.51|+ 1.67|+ 1.02 
Mean torboth Sets 15273 14.98 6.59 2.63 
Confidence Limits at 10/0 Level + 1.62 + 1.78 + 1.00 + 1.49 
Confidence Limits at 50/0 Level + 2.23 + 2.43 + 1.38 + 2.03 


necessity of regenerating it). Consequently, only the ten samples of one 
series are comparable since they were all dried in the same desiccator at 
the same time. Furthermore, each month’s determinations, of course, in- 
volved different lengths of time. In spite of such variables, certain definite 
conclusions can be arrived at. (1) All fractions definitely held some water 
when dried in vacuo over Al,O, at 3° C. (2) Of all five fractions only the 
mitochondria showed a consistent difference between the tuber halves kept 
at 3° C. and those at 26° C. Though the variations are so wide (due to the 
above mentioned factors) that the two mitochondrial averages do not differ 
significantly from each other, yet it can be seen that in nine out of the 
ten cases the 3° C. mitochondria had definitely higher bound water values 
(the tenth showed no appreciable difference). Since the other four fractions 
showed neither consistent differences between members of a pair, nor signi- 
ficant differences between average values for the 3° C. and the 26° C. frac- 
tions, all twenty determinations were combined and analyzed statistically. (3) 
It can be seen that even at the 1 per cent level, the albumins had significantly 
less bound water that the globulins and the globulins significantly less than 
the other three fractions. The mitochondria, microsomes, and acid-insoluble 
proteins were all much more hydrophilic than the above two fractions but 
did not differ significantly from each other. 
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Table 4. Mitochondria and microsomes in potato tuber halves stored at 3° C. and cor- 
responding halves transferred to 26° C. for 10 days (g. per 100 g. potato powder-mito- 
chondria and microsomes dried at 108° C.). 


ne nent 


ne | | Mitochondria | Microsomes = 
| IC | 26° C SC IC 
mr I CE 0.0 
| 0.122 0.125 0.136 0.122 
Feb. { 0.102 6144 02129 | 0.121 
0.142 | 0.140 0.171 0.147 
eh. { 0.183 | 0.159 0.146 0.129 
i FE 0.129 0.095 0.141 0.105 
’ 0.231 0.161 0.146 0.119 
Apr. 
BE { 0.201 0.172 0.144 0.119 
Maya ee Rena | en | ee Re an 
| 0.184 | 0.165 | 0.132 0.104 
Mean rer ecresures | 0.160 | 0.140 0.140 0.118 
Conhdenee limits ar 50/0 EVE 2. ec remceee. eee. + .0095 
@ontidence Limits ac 1 S/o Level... 222. -2eeeneseneiemene + .0118 


This might lead one to suspect that the albumins and globulins are both 
globular proteins and therefore possess insufficient surface for the binding 
of large quantities of water. The other three fractions may conceivably be 
extended proteins and therefore hold large quantities of water. 

But the most surprising fact is the high hydrophily of the mitochondria 
and microsomes since they both contain large quantities of lipids (see below) 
which cannot be expected to bind any water. Consequently, assuming that 
the non-lipid component is responsible for all the binding, in the case of 
the mitochondria (22 per cent lipids app.) the average amount bound would 
be raised to about 21 per cent for the 3° C. treatment, 15 per cent for the 
26° C.; in the case of the microsomes (12 per cent lipids app.) the average 
amount bound would be raised to about 18 per cent. In both cases, the 
non-lipid component would be significantly more hydrophilic than the acid- 
insoluble proteins (even at the I per cent level). When arranged according to 
hydrophily and eliminating the lipids, the order then is as follows: 

Order of hydrophily of protein fractions: mitochondria and microsomes > 
acid-insoluble proteins>globulins>albumins: 

It is interesting to note that the three fractions (showing the highest 
hydrophily are the fractions with relatively large quantiues of P (in press). 
In the case of the mitochondria and microsomes this has been found by 
others to be due to the presence of nucleic acids. It might therefore be sug- 
gested that the nucleo-proteins are more hydrophilic than the simple proteins. 


But this has not yet been investigated. 
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It is now possible to compare the quantities of particulates from the 3°C. 
and the 26° C. tuber halves on an oven-dry-basis. Table 4 shows that even then, 
the decrease is still found in all ten microsome pairs, in eight out of ten mito- 
chondria pairs. Furthermore, the difference between the means is statisti- 
cally significant at the 5 per cent level in the case of the microsomes. If it is 
remembered that the complicating factors discussed above tend to reduce 
these differences, the decrease at 26° C. can therefore be accepted as valid 
in the case of the microsomes, though needing further proof in the case 
of the mitochondria. 

Once the decrease is established as real, it is next essential to find out 
whether it is due to a decrease in number or mass of particulates. The 
former is very difficult to determine and the latter can be investigated only 
indirectly. In order to obtain some such indirect information, the lipids were 
investigated. 

Since such small quantities of the particulates were available (6—20 mg. 
per sample) a micromethod had to be developed. Bloor (1943) states that if 
the solvent is left in contact with the sample, equilibrium is reached within 
an hour. An aliquot may then be taken, and the equilibrium concentration 
determined. The following procedure was therefore adopted. Five ml. of a 
1:1 mixture of ethyl ether and 95 per cent ethyl alcohol were pipetted into 
each weighing bottle containing a fraction of known weight. The solvent 
was swirled around every few minutes to obtain good mixing. The ether was 
distilled before use to free it from peroxides. Test for peroxides were posi- 
tive before distilling, negative after distilling. Aftor one hour, an aliquot 
was -pipetted into a tared weighing bottle, which was then placed in the 
fume-cupboard under an infra-red lamp and with the exhaust-fan on. When 
all the liquid had evaporated (in about an hour), the weighing bottles were 
transferred to a desiccator and weighed after temperature equilibrium had 
been reached. 

Of the five protein fractions obtained from the potato tubers, only the 
mitochondria and microsomes contained lipids. Due to the small size of 
the samples, the results were rather variable (Table 5). The mitochondria, 
however, had a significantly higher lipid content than the microsomes, On 
the other hand, the differences between the lipid values of each particulate 
at 26° C. and 3° C. were definitely not significant, due to the large error 
and the relatively small number of determinations. 

One of the sources of error in these determinations was the fact that 
the particulates were not ovendried before extraction and therefore con- 
tained varying amounts of bound water (though this must have been small 
due to leaving the samples in a desiccator for 1—4 months). During the 
next year, these determinations were repeated on oven-dried samples. 
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Table 5. Per cent lipids in mitochondria and microsomes of potato tubers (1952). 


=: Mitochondria | | Microsomes 
922€ 26.36 326 260 
| 
| | 
US MAN EE | 1 20 | 4 11 
ES, eee LE | 22 | = | 12 15 
EMD Ae oc sacdewatae nada | 27 34 14 11 
Bay ar Aa: | 28 | 25 | 12 21 
July a) 22 28 11 14 
28 33 | 18 26 
nd 24 28 | 12 16 


Further improvements in technique involved a) allowing three hours for 
extraction instead of one hour, since the former was sometimes found to 
be insufficient for complete extraction; b) using somewhat larger samples 
(never less than about 10 mg.); c) weighing on a semi-micro balance. The 
mitochondria again possessed a significantly higher lipid content than those 
of the microsomes (Table 6). No significant difference was apparent bet- 
ween the particulates from tuber halves at 3°C. and from corresponding 
halves at 26° C. 

These results indicate that the cytoplasmic particulates consist of a com- 
bination of the most hydrophilic and the most hydrophobic components of 
the cytoplasm. In this way they seem to resemble the plasma membrane 
and may, in fact, be more closely related to the latter than has heretofore 


been suspected. 


Table 6. Per cent lipids in mitochondria and microsomes of potato tubers (1953). 


Mitochondria | Microsomes 
Date : a — - ——— - = —= 
ay DCE Ase (€ 26° C 
2255 21.8 | 14.9 1.2 
A ee seu { 99 7 91.9 | 147 107 
17.8 293.0 1155 14.1 
IN oo { 20 9 91.4 14.6 134 
20.2 19.4 13.5 11.6 
a rede | 21.7 20.7 11.9 98 
21.9 20.5 | 10.7 6.7 
APT: : 21.2 21.1 10.5 10.1 
3 23 2e apa! 12.4 
May —............n...u eee { 21.4 21.0 15.1 10.2 
N ee el 
Mean eee 21.3 222 TS 10.6 
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Whether or not these results can be applied to the particulates of other 
organisms must, of course, await investigations of the latter along the same 
lines. The similarity between potato mitochondria and those of other orga- 
nisms is indicated by various facts. Thus Watanabe and Williams (1951) 
found lipid contents of 27 per cent and 30 per cent in two determinations on 
the giant mitochondria (so-called sarcosomes) of the blowfly, and Claude 
(1941) gives values of 22—24 per cent for the »large granules» (0.5—3.0 u) 
of guinea pig liver. Lazarow (1943), however, lists a somewhat higher value 
for the mitochondria 34 per cent. The agreement between the lipid con- 
tents of different mitochondria is much better than in the case of the 
microsomes. The values for the potato microsomes are much less than 
those for Claude’s »small particles» (40.8 per cent) and for Lazarow’s »sub- 
microscopic lipoprotein particles» (42—51 per cent). Thus the potato micro- 
somes are definitely less lipid than the potato mitochondria, whereas in the 
above cases the opposite relation holds. 


Summary 


Mitochondria and microsomes decreased in quantity as tubers became 
active at 26° C. from the dormant state at 3° C. Mean lipid contests were: 
mitochondria 22 per cent, microsomes 12 per cent, protein fractions 0. Mean 
values for bound water held in vacuo at 3° C. were: particulates 12—16 per 
cent, acid-insoluble proteins 15 per cent, globulins 6.6 per cent, albumins 
2.6 per cent. 


This investigation was supported by the Office of Naval Research, under contract N9 onr 
913(00) and by grants from the University of Missouri Research Council for the purchase 
of a high-speed centrifuge and a semimicro balance. 
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The same fractions that were investigated for lipids and bound water 
(Levitt, 1954) were also analyzed for N, P, and carbohydrates. 


Methods 


N-analyses (Nessler method) and P-analyses were according to Lindner 
(1944), using the same wet-ashed samples for both. Carbohydrates were 
determined by the anthrone method (Morris, 1948, and Morse, 1947). Fol- 
lowing Morse’s procedure, 3 ml. 0.05 per cent anthrone in conc. H,SO, were 
added to 2 ml. of the unknown in pyrex test tubes. The solutions were mixed 
by swirling and then allowed to stand for 10 minutes before determining 
colorimetrically (using a red filter). This method worker well when used 
during the winter, in spite of the presence of proteins. When tried during 
the summer, however, brownish-red off-colors developed instead of a clear 
green. This was found to be due to the high temperature generated when 
the already warm aqueous and sulfuric acid solutions were mixed. Tem- 
peratures as high as 120° C were generated. To overcome this excessively 
high temperature and yet to permit a high enough temperature for the full 
development of the green color, the following procedure was adopted: 

(1) Fresh anthrone was made up immediately before use, since it darkens 
within a day’s time at warm temperatures. 

(2) 3 ml. 0.05 per cent anthrone in conc, H,SO, were added to 2 ml. of 


= 


the unknown (or of the standard). 
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(3) Mixing was obtained by swirling for five seconds while immersed in 
water at room temperature. This allowed the temperature to rise to 90—95° C. 

(4) The test tubes were transferred to a boiling water bath for 5 minutes, 
then cooled briefly. 

(5) The solutions were transferred to colorimeter tubes and read in a 
Klett-Summerson colorimeter. 

Using this method, clear green colors were always obtained without any 
trace of the reds or browns that otherwise developed. 


Results 


a) Nitrogen. Since the differences from month to month and between 
the two temperatures appear to be within the limits of error of the method, 
all ten values were averaged and treated statistically (Table 1). Statistically 
significant differences occurred between all fraction except the globulins and 
the albumins. The small difference between the acid-insoluble proteins and 
the globulins (or albumins) is significant at the 5 per cent level; the other 
differences are far more pronounced. 

One interesting conclusion from these results is that the microsomes 
differ chemically from the mitochondria and therefore cannot be considered 
simply as broken down mitochondria. This agrees with the fact previously 
reported that there is no sedimentation at intermediate centrifugal forces. 
Since none of the N-values are high enough to indicate pure proteins, other 
constituents must be present in each fraction. 


Table 1. Per cent nitrogen in particulates and proteins of potato tubers. 1951—52. 


Date Temp. | Mitochondria| Microsomes | Acid-insoluble! Globulins Albumins 
De { 2040 6.4 10.3 18.3 14.0 14.1 
POSE SES 26 6.2 9.6 13.3 13.6 13.8 
Een | 26 5.9 10.2 HS 13.5 132 
Le D 3 6.1 9.0 12.8 1331 oe 
Mar are { 26 6.2 10.9 ar 12.9 11947 
> 3 6.3 10.7 124 14.4 132 
or { 26 6.6 9.2 1028 131 1522 
3 6.4 9.3 12.8 13.6 127 
26 5.8 9.0 12.9 1574 
Malye syne. { = + aa 
y 3 5.8 8.7 13.1 14.0 14.5 
tm nn Dh Min NEN 5 
Mean 6.17 9.69 12.87 13.59 13.55 
Confidence Limits | 
(5 %0 level) ...... + 0.22 + 0.54 + 0.245 + 0.33 + 0.47 
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Table 2. Per cent prosphorus of protein fractions of potato tubers. 


00 


; ere ; 
Date Temp. | Mitochondria | Microsomes | Acid-insoluble Globulins 
| | 
De in 0 { 26216 | 0.91 1.55 1.23 0.22 
| 26 1.09 1.80 1.25 0 24 
| 
SRE NE ae 
| 3 — 1.42 | 0.76 0.27 
STREBEN ! 26 | — | 1.31 0.44 0.23 
3 = | 1.32 0.62 0.28 
er 1.04 1.66 = = 
ADI nassen 
Br { 3 0.97 | = == em 
| 26 0.93 | 1.53 0.94 — 
| 3 0.92 | 1.35 0.90 0.30 
ne | 26 | 1.01 | 1.85 0.96 0.12 
| x 3 1.01 1.60 0.94 0.13 
SES 0.985 | 1.54 0.22 
| Confidence Limits (5/olevel)| + 0.053 | +0.135 + 0.048 


b) Phosphorus. No significant amounts of phosphorus existed in the 
albumins. The other four fractions all had measurable amounts (Table 2) 
with the lowest value in the globulins, the highest in the microsomes. The 
mitochondria and acid-insoluble proteins had similar amounts. The diffe: 
rence between the mitochondria and microsomes is again definitely signi- 
ficant. 

The absence of P from the albumins and the all but negligible amounts in 
the globulins agree with the fact that these two fractions have the highest 
N contents and are therefore the nearest to being pure proteins. The high 
P of the particulates is to be expected since they have been shown by others to 
contain nucleoproteins (Bensley, 1943). It is not known whether the P-con- 
tent of the acid-insoluble proteins indicates the presence of nucleoproteins or 


phosphoproteins. 


Table 3. Per cent P and N in lipids from mitochondria and microsomes, Each sample 
a combined extract of ten preparations (January—May, 1953). 


Mitochondria Microsomes 
Element | Sample 2S — € 
2026 3G 26°C 30 


I 137 106 | 1.83 | 1.07 
5 Il 116 | 130 | 2.6 1.45 

I 4 1.7 2.9 3.0 
N { Il 2.0 19 | 29 2.7 
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Table 4. Per cent P in particulates of 1952 and 1953 tubers. 


et 
Mitochondria | Microsomes 


Year | Fraction 
| 
Bipid-extractede nee rer 0.81 1252 
1953 Ei pId Serre ee 1.19 1.78 
Unextracted (calculated) | 0.91 1.57 
| 1952 | Unextracted (determined) | 0.985 + 0.053 | 1.54 + 0.14 | 


Since the particulates were found to be high in lipids (Levitt, 1954), it was 
thought desirable to determine the P-content of their lipid-extracted mate- 
rial. The mean values of 10 determinations (January—May, 1953) were: 
mitochondria 3°C 0.83 per cent, 26°C 0.79 per cent; microsomes 3° C 
1.50 per cent, 26° C 1.53 per cent. When compared with the previous year’s 
results on unextracted particulates (Table 2), these would seem to indicate 
that the lipids must have a P-content of about 1.5 per cent. To determine 
this directly, all the lipid extracts from 10 samples were combined and 
analyzed. Table 3 shows that the values are close to the predicted one. In 
fact, when the P-contents for the 1953 unextracted particulates are calcu- 
lated from these results, they are seen to agree nearly perfectly with the 1952 
analyses of unextracted particulates (Table 4). 


Table 5. Carbohydrate contents (as dextrose) of cytoplasmic particulates — per cent of 
dry matter after lipid extraction. 


Mitochondria Microsomes 
Date 
26° C SE, 26° C sac 
, I 74 = 3.3 == 
Sept. 1902 re { II 5.8 By 35 np 
I 7.4 8.5 6.6 8.0 
N 
s { Il 5.8 8.4 5.8 6.9 
£ I 11.0 16.5 6.6 10.3 
INOW ieee seen { II 118 15.7 62 85 
I 5.4 14.3 6.5 
Derwent sae: : 8.5 
= { Il 6.0 13.0 5.4 8.6 
Eh I 89 8.7 7 
Tan 05 { 1. 10.0 
= Il 8.2 9.6 8.0 12.3 
I 9.8 11.3 7.9 
eb Aves RTS en 3 9.6 
{ II 9.3 12.6 114 17.2 
More ue | - 35 10.0 8.1 9.6 
Il = = 6.8 11.9 
Apr 4 : = = 6.3 9.1 
II == — 7.8 9.3 
I 22 = 
Mayan ce ene { 79 8.6 
Il = = 1.7 8.6 
ee HE eee eee 
Mean 8.3 10.2 6.8 9.8 
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Table 6. Carbohydrate contents (as dextrose) of protein fractions — per cent 
of dry matter. 


Er Acid-insoluble Globulins Albumins 
26° so TS = 26° a 
I AFI — 94 = 
Sept. 1952 ...... = 2.3 == 
sot { nl 21 = [7 = 2.8 = 
ns mnt { TETE 4.2 si 1.5 5.9 2.6 
HI) 3.8 5.6 2.4 22 6.6 3.4 
Nova { I 3.7 4.3 2.8 21 6.7 65 
in +4 5.4 2.8 a 8.8 6.3 
Beeren. | I 37 5.4 3.0 3.1 9.6 8.8 
1| 4.0 6.4 3.0 35 8.4 9.7 
: | 4.8 5.0 3.5 si 7.3 
lan 19585. de 6.6 
5 { | 41 4.9 3.9 3.7 7.8 6.6 
I 5.9 | 6.9 31 4.0 6.5 7 
EEE 6 
R { Il 5.8 CE aie a3 An! 7.8 8.7 
| | « 
ee: { : > = | Er =: 2.0 5.8 
Il 4.6 6.7 4.1 3.4 8.2 5.9 
nS I 065%) 87 3.8 6.4 4.6 
ee UNE | ; ; 
= { CU Sa ES 5 3.6 6.2 5.3 
I 40 | 36 4.6 3.6 5.4 4.3 
eee | 
ay | Il £3) 265 4.0 46 | 5.4 4.4 
Mean Jan.—May ... | 4.95 6.0 4.5 3.9 6.7 6.0 


The P and N analyses of the lipids point to the probability that they are 
largely phospholipid. Since lecithin has a P: N ratio of 1:1, sphingomyelin 
of 1:2, the results (1:3 or 1:4) come closer to those for sphingomyelin. In 
spite of the lower total lipids in the microsomes than in the mitochondria, 
they are seen to be higher in both P and N. Whether or not the higher P- 
contents of the 26° C microsomes is significant, will be decided when more 
results are available. The figures indicate that if the P and N contents of the 
phospholipids in both particulates are identical, the extra lipid of the mito- 
chondria would have to be free of both P and N. 

c) Carbohydrates. Analyses revealed a higher content in both the mito- 
chondria and microsomes from the tuber halves at 3 G than from. the 
corresponding halves kept at 26° C for 10 days (Table 5). This difference 
occurred regardless of whether or not the tubers were in their resting period. 

In the case of the mitochondria care is necessary to be sure that no 
appreciable amount of plastids is included, since these are nearly 100 per 
cent carbohydrate (as shown by blackening with iodine in KI). The last five 
results are not given for this reason. In these cases the precentrifuging was 
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Table 7. Nucleic acid contents of particulates, as calculated from P and carbohydrate 


analyses. 
En hr en re EEE ee Me ns nn une —— 
Compounds Mitochondria| Microsomes 
YO 2 AO 5644800 2060050900 0.81 1753 
0/9 NA in non-lipids (assuming 9.9 °/o 
Pain AN vee RE EEE oor sake aie 8.0 15.1 
/o carbohydrate (as dextrose) in non- 
MOCKS. soo acdnoobsoonoddouddoeces 9.2 8.3 
0/0 NA calculated from carbohydrates 
(anthrone value X 1.77) ........ 16.3 14.7 
if 5 °/o plastic starch in non-lipid dry 
matter of mitochondria.... ...... 7.5 


for only 10 minutes instead of the standard 20 minutes and more than the 
usual trace of plastids were included. 

Of the three protein fractions (Table 6), only one (the acid-insoluble) 
showed a higher carbohydrate content in the 3° C tubers as was true of the 
particulates. It is interesting to note that this fraction also resembles the 
particulates in its high P-content. The globulins had definitely the lowest 
carbohydrate content, the albumins the highest — at least during the winter 
months. This high carbohydrate content of the albumins may possibly be an 
indication that they are mucoproteins, Further evidence is the fact that they 
are not coagulated by boiling, even in the presence of M citric acid. That 
they are still present in the form of proteins is shown by their ready precipi- 
tation with 10 per cent trichloracetic acid, even after such boiling. They 
must consist of little else besides protein and carbohydrate, for the two add 
up to over 97 per cent of the albumin (assuming 15 per cent N in the protein). 
In the case of the globulins they add up to over 95 per cent. 

The lack of any relation between the carbohydrate content of the globulins 
and albumins and the storage temperature of the tuber halves from which 
they were obtained is interresting. It indicates that though the tuber halves 
at 3° C have a higher soluble carbohydrate content than those at 26° C, the 
higher carbohydrate content of the particulates and the acid-insoluble pro- 
tein in the case of the 3° C tubers is not explainable as a simple mass adsorp- 
tion. If this were so, it would happen to the albumins and globulins as well, 
especially since they account for about 75 per cent of the total fractions. 
This leads to the conclusion that the other three fractions are chemically 
combined with this extra carbohydrate. 

A seasonal increase in carbohydrates seems to occur in all three protein 
fractions, though in the case of the albumins it seems to reach a maximum 
during winter followed by a drop. 


From these analyses, it is possible to calculate the nucleic acid contents 
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of the particulates if it is assumed that all the non-lipid P and carbohydrate 
are from the nucleic acids. From the structural formula for nucleic acid it 
can be calculated that the average pentose residue has a »molecular wt.» of 
87. This means that the anthrone values (expressed as dextrose) must be 


cage oy 
multiplied by ae From the same formula, the pentose residues account 


for 27.7 per cent of the molecule. Therefore the anthrone value corrected by 
these two factors (i.e. multiplied by 1.77) should give the percentage NA. 
Table 7 shows the excellent agreement between the NA values for the micro- 
somes calculated from P and carbohydrate determinations. In the case of 
the mitochondria, it must be remembered that about 5 per cent of these are 
actually starchfilled plastids (Levitt, 1952). When this is taken into account, 
agreement is good for the mitochondria, too. But it is difficult to reconcile 
this agreement with the fact that the carbohydrate content but not the P- 
content is higher in the particulates from the 3° C tubers. 

If these calculations are correct, it can further be calculated that the 
protein: NA ratio is 5:1 in the mitochondria, 4:1 in the microsomes. Of 
course, these calculations must be checked by direct determinations. 


Summary 


Mitochondria and microsomes of potato tubers differ significantly in the 
proportions of all components. The albumins appear to be mucoproteins. 
Carbohydrate contents of particulates and acid-insoluble proteins are higher 
in dormant than in active tubers. 


This investigation was supported by the United States Office of Naval Research, under 
Contract N9 onr 913(00), and by grants from the University of Missouri Research Council 
for equipment. 
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The possibility of a symbiosis between the nitrifying bacteria and 
heterotrophic microorganisms was mentioned in papers of Boltjes (1934), 
Stapp (1940), Imsenecki (1946) and Imsenecki and Rouban (1952) but no 
data were published. As nitrification seems to proceed at a faster rate in 
enrichment cultures of nitrifying organisms than in pure cultures this investi- 
gation was carried out to see whether some heterotrophic soil bacteria would 
influence nitrification under controlled conditions. 


Methods. The nitrifying organism under test was a strain of Nitrosomonas 
europaea Winogradsky isolated from farmyard manure by Jensen (1950). 
The heterotrophic bacteria were isolated from enrichment cultures of nitri- 
fying bacteria where they lived in close association with the nitrifyers. In the 
following they are designated x,, x; and xg. Their main characteristics are: 


x,. Short rods. On broth 0.5 by 1 u, occuring in pairs. Motile. Agar colonies 
small, circular, smooth, greyish-white, slightly convex. Broth turbid, no sediment 
or pellicle. Gram-positive. 

x,. Pseudomonas sp. On broth 1 by 3 u with pointed ends, occuring singly. Pro- 
ducing a greenish-yellow to light blue pigment with fluorescens on agar and broth. 
Agar colonies large, flat, smooth, glistening, greyish-white. Medium greenish. Broth 
turbid, flocculent, with pellicle, no sediment. Gram-negative. 

Xg. Short rods. On broth 0.5 by 1 u, occuring in pairs as X,, Sometimes found in 
star-like aggregates. Motile. Agar colonies small, glistening, smooth, white, 
slightly convex. Broth turbid, no pellicle, no sediment. Gram-negative. 
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Table 1. Nitrosomonas in mixed culture with heterotrophic bacteria from broth. 


Nitrosomonas ug NO,-N per ml formed after days 
plus | j 

a ae: 3 4 \ 5 6 Ne ern ee 
essen, senece 0.7 1.6 6.921712 31 75 88 Lele 0 — | 201 = 
3 ORT 0.6 1.02123.6 110 18 39 51 89 | 133 = 150 — 
Ke. 0.7 1.5. 3.2. 12 27 39 53 89271247 = 138 == 
alone (broth) 25) 0.121,01 17.022 10:2 | OF) | TENNIS TNT |) aoe 
alone (no broth)| 1.2 | 4.7 | 11 2 REY Sr || Glas | ee = 


The experiments were carried out in the inorganic medium of Wino- 
gradsky consisting of: KH,PO, 1 g; MgSO, 0.5 g; NaCl 0.5 g; FeSO, 0.01 8; 
MnSO, 0.01 g; Tap water 200 ml. 

This solution was diluted 1:20 and added 1 g of (NH,),SO, per 1000 ml 
giving a concentration of 200 ug NH,-N per ml. Further 1 ml of a Hoagland 
trace mineral solution was added per 1000 ml. 4 ml of the medium was 
pipetted into glass-tubes and a small spatula of CaCO; added to each tube. 
Finally the media were autoclaved for 20 min at 115° C; After autoclaving 
pH was 8.0 (glass-electrode) and the surface to volume ratio 0.6. 

As the experiments were carried out over a long period it was necessary to 
correct for evaporation from the culture media. The daily evaporation was 
estimated to be 1.8 per cent. After inoculation the tubes were placed in an 
incubator at 30° C. 

Nitrite was estimated colorimetrically using a Coleman photospectrometer 
model 14. The color is obtained with the Griess-Ilosvay reagent and com- 
pared with that obtained from a standard solution of NaNO,. A direct pro- 
portionality exists between the concentration of nitrite present and the inten- 
sity of color developed. All data are based on two or three parallel cultures. 

Results. Experiment 1. Mixed cultures of Nitrosomonas and heterotrophic 
bacteria. The inoculum consisted of actively growing cells of the bacteria. 
The heterotrophs were taken from a one day old broth cultures containing 
10° cells per ml. Two control cultures of Nitrosomonas were used, one with 
the bacteria in the pure inorganic medium, the other contained bacteria in 
inorganic medium with sterile broth added in the same concentration as in 
the mixed cultures. 

Experiment 2. Same as experiment 1 but an attempt was made to remove 
all traces of broth from the cells of the heterotrophs by washing and centri- 
fugation three times before inoculation. In addition to the scheme used before 
a series with all three heterotrophs mixed together with Nitrosomonas was 
set up. 

Discussion. Experiment 1 shows that nitrification in pure cultures of 


Nitrosomonas is strongly inhibited by broth. The inhibitory constituent of 
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Table 2. Nitrosomonas in mixed culture with heterotrophic bacteria, cells washed before 


inoculation. 
Nitrosomonas ug NO,-N per ml formed after days 

plüs 1 je 5 6 Sin Sees 
nee contre 1.6 5.4 10 20 48 65 69 vn 96 105 
3 nu 1.1 1.2 7.4 10 18 34 42 88 90 105 
Ker ee doee nn esnue ern. 0.9 2.1 F9 14 30 48 59 73 88 105 
XX Xy ..... 0.9 haf) 3.1 11 20 43 51 66 85 108 
AlONOM AE. re-ceee 1.41 3.71 101 17 22 42 60 80 891 DM 


1 Bacterial contamination. 


broth is probably peptone which is known as a highly toxic compound 
towards Nitrosomonas (Jensen 1950). In the present experiment the broth 
was diluted 1 :10.000 when transferred to the inorganic medium giving a 
concentration of peptone as low as 0.0001 per cent. However the strongly 
inhibiting effect on nitrification when broth is in the control cultures is 
neutralized by presence of heterotrophs, probably because of a rapid break- 
down and assimilation by these organisms. As compared with the controls 
there is only a slight inhibition in the mixed cultures from the beginning up 
to the fifth day when nitrification is normal. From the tenth day the broth 
has no longer an inhibitory effect on Nitrosomonas in pure culture and 
nitrification proceeds at a normal rate. Whether this is due to selection of 
resistant cells or to adaption is not clear. 

Experiment 2 shows that the heterotrophs x, and x, as well as the mixed 
culture x,X;Xg probably induce a slight inhibition on nitrification at the 
beginning of the experiment whereas x, does not. No stimulation is observed 
and nitrification proceeds at a normal rate at the end of the experiment. 

All cultures remained clear during the experiment periode indicating that 
only poor growth, if any, took place. At the end of the experiment the 
heterotrophic bacteria grew well when transferred to agar slant indicating 
that they were able to live in the inorganic medium. No conversion of am- 
monia to nitrite took place in a period of 20 days when the heterotrophs 
were inoculated alone in the inorganic medium. 

Further experiments are required to clear out the problem of a symbiosis 
between heterotrophic and nitrifying bacteria in soil. 


Lu 
Summary 


Nitrosomonas europaea was grown in mineral medium together with three 
different species of heterotrophic bacteria isolated from soil. No stimulation 
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on nitrification was observed. The inhibitory effect of broth on nitrification 
was neutralized by the presence of heterotrophic bacteria in the cultures.. 
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1. Introduction 


In studying the influence of air humidity on cuticular transpiration, 
Gäumann and Jaag observed striking irregularities in some species (2, 1). 
These irregularities were interpreted as being due to structural changes 
which were assumed to occur in the cuticula by varying imbibition, and sup- 
posed to be partly irreversible. Following a suggestion by Stälfelt (13), who 
expressed serious doubts as to the validity of this interpretation, considering 
that stomatal changes might have interfered with the determinations, we 
decided to reinvestigate one of the species used by Gäumann and Jaag. Pinus 
silvestris was the obvious choice. In the first place, Gäumann and Jaag 
themselves stressed the importance of the very peculiar results obtained in 
one of their experiments with this species, which they regarded as the 
»experimentum crucis» for the significance of imbibition, colloid structure, 
and permeability of the cuticular layer in transpiration changes (2, p. 503). 
Secondly, ample material of Pinus silvestris was easily available in the 
immediate vicinity of our institute. 


[128] 
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2. Method 


In order to obtain information on the rate of cuticular transpiration, 
it is of the utmost importance that the stomatal component of transpiration 
can be effectively eliminated. This can only be achieved by submitting the 
plant material to stimuli which induce complete closure of the stomata 
before the measurements are begun. For this purpose Gäumann and Jaag, in 
their experiments, placed potted plants in the dark for 2—3 hours before 
the first weighings. Previous investigations have shown that the reaction of 
the stomatal apparatus to darkening may vary among different species, and 
that even much longer dark periods may sometimes fail to induce complete 
closure (10, 5). For this reason, the effect of darkening on the stomatal 
apparatus of Pinus silvestris had to be controlled by methods aimed at a 
direct determination of the aperture. Gäumann and Jaag stated that, in 
general, both microscopie observations and infiltration tests were made for 
this purpose. Although observations specifically related to Pinus silvestris 
were not mentioned, we may take it for granted that both tests were nega- 
tive, indicating complete closure. 

However, according to our own experience the usual methods of measuring 
stomatal aperture do not give reliable results where very small apertures 
are concerned, Particularly in species with sunken stomata, results obtained 
by these methods should be interpreted with the greatest caution (cp. 7). 
Thus, in Pinus silvestris we found it impossible to distinguish clearly bet- 
ween approximate and complete closure, both by direct microscopic obser- 
vation and by ether infiltration (11). 

For these reasons it was found advisable to use a different method which 
is more certain to induce stomatal closing, and which also makes it possible 
to check more accurately whether complete closure is actually achieved in 
any given experiment. This method, which is based upon registration of the 
transpiration decline in excised plant samples by means of torsion balance 
weighings, has been developed and amply illustrated in earlier papers by 
the senior author (3, 4, 5, 6). For a short description, see 4, pp. 106—109. 
Preliminary experiments with Pinus silvestris showed that the transpiration 
decline in samples of excised needles follows the same general pattern which 
was previously found for so many other species. When the transpiration 
rate was not too low, it was always possible, by analyzing the curves 
obtained, to distinguish quite clearly between a stomatal phase, a closing 
phase, and a cuticular phase, and thus to determine the time required for com- 
pleting the closing reaction. Figure 1 may serve to illustrate a typical curve. 


In order to secure constant conditions during the experimental period, the plant 
samples were placed in suitable bottles where the relative humidity was kept at a 


9 


130 GEORG HYGEN AND ELDBJ@RG MIDGAARD 


3.00 
Log 6 


2.984 


2.967 


2941 


2.92 


Figure 1. Typical transpiration decline 
curve obtained with a sample of one 
year old needles. A: stomatal phase, 
B: closing phase, C: cuticular phase. 


2.90 
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constant level by means of saturated salt solutions or diluted sulphuric acid (Table 
1). In each bottle an individual sample was hung on a nylon thread running through 
a narrow glass tube inserted in the perforated rubber stopper. In this way the samples 
could be conveniently weighed on the torsion balance without removing them from 
the bottles. Between the weighings the top opening of the glass tube was covered 
by a small rubber disc fastened to the thread. The bottles were provided with leaden 
bottom plates and placed in a large constant-temperature water bath, where the 
fluctuations during an experiment seldom transgressed +0.3° C. Ordinarily, the 
water bath was placed in diffuse daylight during the experiments, but the room 
could also be effectively darkened when needed. 

The plant material was taken from a fairly uniform stand of about 4-m-high 
Pinus trees in the college forest. Small twigs were placed in water immediately on 


Table 1. Solutions employed in the constant-humidity bottles. 


oo 


ni EZ 
ee Vapour pressure deficit in mm Hg 
MI (C BIE (C 
LOSOPE EE sas 3.6 4.3 
INT Glare 6.0 6.7 
NH,NO, Bee ae, eNO 11.0 IASG 
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HOUSE SO 16.6 18.4 
MECS PR RER 19.2 DI 
58 0/0 ERSOTE 22.0 24.6 
LAC) Cente ee ete 24.7 Plot 
NaOH ait are 26.8 30.6 
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being cut from sound branches about 2 m above the ground. Branches directly 
exposed to the midday sun were avoided. After being brought to the laboratory, the 
twigs were cut anew under water and placed in a moist chamber overnight so as to 
attain water saturation. In order to secure normal opening of the stomata before the 
start of the experiments, the moist chamber was placed outdoors on an open 
balcony in a position where it was exposed to full daylight during the early mor- 
ning hours, although sheltered against direct sunshine. In the experiments with one 
year old needles, each sample consisted of 8—10 needle pairs bundled loosely 
together, whereas 13—15 needle pairs were employed in the experiments with 
young, growing needles. 


3. Main Series of Experiments 


The purpose of the main series of experiments was to investigate the rela- 
tion between air humidity and cuticular transpiration in Pinus needles of 
different age. A number of parallel samples were introduced into constant- 
humidity bottles containing a saturated solution of Ca(NO,),, and placed in 
the water bath at 28° C. (vapour pressure deficit 14.2 mm Hg). The transpira- 
tion decline was then followed in the individual samples by torsion balance 
weighings at suitable intervals. Preliminary experiments showed that, under 


3.00 3.00 

Log G Log 6 

2984 2.98 

2.96 2.964 
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2.92 292 
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Figure 2. Individual transpiration curves obtained with samples of one year old needles 
in constant-humidity bottles. Temperature: 28° C., atmospheric vapour pressure deficit: 
14.2 mm Hg. 
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Figure 3. Rectilinear transpiration curves for the cuticular phase after transfer to constant- 
humidity bottles with different solutions. Data from the same experiment as in Figure 2. 
Temperature 28° C., atmospheric vapour pressure deficit indicated on the diagram. 


these conditions, the stomata appeared to be completely closed after about 
220 minutes, on an average, i.e., the transition between closing phase and 
cuticular phase was completed by this time, according to the trend of the 
logarithmic transpiration decline curves. The validity of these results could 
be verified by analyzing the individual curves of each experiment. The first 
220 minutes of the experimental period may be considered as a prolonged 
pretreatment which served to secure a series of physiologically homogeneous 
needle samples with completely closed stomata. These samples were then 
transferred to a second set of bottles with different solutions, providing a 
wide range of air humidity. The temperature of the water bath was main- 
tained at the same level (28° C.). (Control experiments where the same solu- 
tion was employed before and after transfer proved that the transfer opera- 
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Figure 4. The relation between the cuticular 5°} 
transpiration rate and the atmospheric vapour 
pressure deficit, as derived from Figure 3. 
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tion itself did not affect transpiration.) During the following period, the 
transpiration of the individual samples should depend entirely upon the 
vapour pressure deficit in the various bottles. 

A necessary prerequisite for calculating reliable rate values is that the 
curves run approximately rectilinear during the period in question, in accor- 
dance with our theoretical assumptions. In most of the present experiments, the 
observations were continued for about two hours after transfer to the second 
set of bottles. In all the diagrams, the points corresponding to this period 
lay very nicely along straight lines, so that the slope could be fairly accura- 
tely determined. In order to eliminate the effect of water-deficit differences 
between the individual samples during the cuticular phase, the rate values 
directly obtained from the slope of the lines were always corrected to water 
saturation. The calculation methods have been described in detail in earlier 
papers. 

Two series of experiments were made according to this plan. The first 
series consisted of 8 duplicate experiments performed with one year old 
needles during the period May 20 to June 20, 1952. As an example, the 
results of an individual experiment (No. 4) may be illustrated by a few 
diagrams. Figures 2 a and b show the first part (before transfer) of six of the 
individual transpiration curves. Figure 3 shows the rectilinear curve frag- 
ments obtained after transfer to the second set of bottles with different 
solutions, Finally, in Figure 4 the values of the cuticular transpiration rate, 
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Figure 5. Ordinate: Cuticular transpiration rate 
of one year old needles at water saturation, 00! 
expressed in percentage of the rate of control 
samples at 14.2 mm. Hg atmospheric vapour 
pressure deficit. Mean values for 8 individual 


experiments. 
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Table 2. Cuticulor transpiration rate of one year old needles at different levels of vapour 
pressure deficit. Results of 8 individual experiments. The values are reduced to water 
saturation and expressed in mg/g/min. 
es 


Vapour pressure deficit at 28° C in mm Hg 
Exp. No. == = = = 

3.6 6.0 11.0 14.2 16.6 19.2 22.0 24.7 26.8 
1 — 0.11 0.14 0.20 — 0.19 = 0.28 0.30 
2 0.07 0.09 0.13 0.14 — 0.23 = 0.23 0.24 
3 == 0.10 0.13 0.13 0.16 0.21 | 0.22 0.23 = 
4 0.06 0.13 0.15 0.23 0.27 0.27 0.30 0.31 0.37 
5 = 0.11 0.15 \| 0.15 0.16 0.20 0.19 0.23 0.23 
6 0.02 0.07 0.11 0.13 0.15 0.14 | 0.16 0.16 0.17 
7 0.06 0.07 0.12 0.14 0.19 0.18 0.20 0.22 0.21 
8 — 0.10 0.12 0.17 0.19 Calg | Opal 0.26 0.25 


calculated from the slope of the lines in Figure 3, were plotted against the 
corresponding values of the atmospheric vapour pressure deficit. The trans- 
piration rates are here expressed in percentage of the value calculated for 
the control sample, which was exposed to a vapour pressure deficit of 14.2 
mm Hg during the entire experiment, i.e., both before and after the transfer. 
The actual value for this sample was 0.23 mg/g/min. Although the absolute 
transpiration rate under identical conditions varied somewhat from experi- 
ment to experiment, the trend of the resulting curve was always the same. 
The curve shown in Figure 5 is constructed from the mean values of all 
eight experiments. The individual data are given in Table 2. 

A second series of four duplicate experiments was made a little later in 
the summer (June 24 to July 4) with young needles which were fairly well 
developed but not full-sized, Good agreement was found among the indivi- 
dual curves in this series also (Table 3). When the mean values are plotted 
against the vapour pressure deficit, the curve shown in Figure 6 is obtained. 
Thus, there is an almost perfect agreement between young and old leaves 
with respect to the cuticular transpiration rate. The comparatively great 
negative deviation which occurs at 22 mm Hg in Figure 6, is probably due to 


Table 3. Cuticular transpiration rate of young needles at different levels of vapour pressure 
deficit.. Results of 4 individual experiments. The values are reduced to water saturation 
and expressed in mg/g/min. 


D ee an an. 
4 Vapour pressure deficit at 28° C in mm Hg 
Expy Nowe |= = 
3.6160 17110 142 | 166 | 192 | 22.0 | 249 | 268 
1 0.10 | 0.24 | 0.32 0.38 0.43 0.42 | 0.44 | 0.49 0.51 
2 0.08 0.14 0.23 0.28 0.32 0.38 0.38 0.44 0.45 
3 0.06 | 0.10 | 0.20 0.19 0.23 0.26 0.24 0.34 — 
4 0.10 0.22 O28 | Oe 0.43 0.46 — 0.47 | 0.53 
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Figure 6. Ordinate: Cuticular transpiration rate m 


of young needles at water saturation, expressed 
in percentage of the rate of control samples at 50! 
14.2 mm. Hg atmospheric vapour pressure defi- 


cit. Mean values of 4 individual experiments. 


10 20 im 30 


the use of fairly strong sulphuric acid (cp. 8, 9). It seems likely that young 
needles may be more easily damaged by SO,-vapour than old ones. 

It is evident from this brief exposition that none of our curves showed the 
slightest trace of such striking transpiration drops as occured in the experi- 
ments of Gäumann and Jaag. 


4. Darkening Experiments 


Gäumann and Jaag’s evaluation of the experimental data was founded 
upon the assumption that the stomata of Pinus silvestris needles close 
completely during a dark period of 2 to 3 hours. Two series of experiments 
were made in order to ascertain if this assumption held good in our material. 
In the first series, consisting of four duplicate experiments with one year 
old needles, the effect of three hours of darkening was studied. Pinus twigs 
were cut in the evening and placed in a moist chamber outdoors as usual until 
the experiments were begun at about 10 p.m. the next day. The twigs were 
then removed to a darkroom in the laboratory, divided at random in four 
portions, and introduced into constant-humidity jars with different solutions 
(Table 4). After 3 hours in the dark at 27° C., needle samples were prepared 
and transferred to a set of constant-humidity bottles containing Ca(NO,), at 
30° C. (vapour pressure deficit 16.2 mm Hg). The weighing program was 
extended over the following 4 hours. 

If complete closing of the stomata had occurred during the dark period, 


Table 4. Solutions employed in Series I Table 5. Solutions employed in Series II 
of the darkening experiments. of the darkening experiments. 
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sn Figure 7. Transpiration curve obtained in an experi- 


ment with a predarkened sample of one year old 
needles. Duration of dark period 3 hours. Tempera- 
ture and humidity conditions described in the text. 
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the resulting logarithmic transpiration decline curves should run approxima- 
tely rectilinear throughout. If, on the other hand, the stomata had remained 
partly open, curves of the usual‘boomerang-shaped type should be obtained. 


Actually, the 16 individual curves were all of this latter type and did not 
differ essentially from the curves obtained in the daylight experiments, One 
of them is shown in Figure 7 as an example (vapour pressure deficit during 
the dark period 18.1 mm Hg). It must be concluded that under these condi- 
tions darkening did not induce complete closing of the stomata in three hours. 
In fact, the stomata of the predarkened samples seemed to be only slightly 
less open than the stomata of daylight samples weighed in the morning, as 
far as can be concluded from the initial transpiration rates observed. The 
individual differences among the curves as regards initial slope, starting 
time, and sharpness of the bend were not very marked, and no significant 
correlation could be established between these differences and the level of 
air humidity during the dark period. 

The purpose of the second series of darkening experiments was to study 
the effect of a prolonged dark period on stomatal aperture. Four experiments 
were performed at different levels of air humidity. The plant material was 
treated in the same way as in the preceding series and brought into the dark- 
room at 9 p.m, one day after cutting. The twigs were then placed in constant- 
humidity jars with different solutions and left in the dark at 22.6° C. (Table 
5). Needle samples-were taken after about 4 1/2, 6, 7 1/2, and 9 hours respec- 
tively, transferred to a set of constant-humidity bottles containing Ca(NO:); 
at 30° C., and weighed at suitable intervals during the following four hours. 

The resulting curves gave evidence of stomatal closing during the weighing 
period. Obviously, the stomata had been partly open at the start of the 
weighing program in this case also, even after nine hours in the dark. No 
significant differences appeared among the weighing samples taken at diffe- 
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Figure 8. Transpiration curves obtained with 
samples of one year old needles after dark periods 
of different duration. Total duration of dark 
periods: a) 41} hours, b) 6 hours, c) 71/2 
hours, d) 9 hours. Temperature in the dark 
room 22.6°, atmospheric vapour pressure defi- 
> cit 17.7 mm. Hg. Temperature and humidity 
conditions during the weighing period de- 
scribed in the text. 


60 120 180 Min. 240 


rent times during the night. It seems, therefore, that a prolongation of the 
dark period did not affect the stomatal aperture. Figure 8 shows one set of 
four curves as an example. 

In this series the initial transpiration rate after transfer seemed to be 
slightly influenced by the vapour pressure deficit during the dark period. 
Apparently, the dry-air samples transpired more vigorously than the high-hu- 
midity samples. This would seem to indicate that the average stomatal aper- 
ture was slightly more reduced after the dark period at high humidity than 
in dry air. However, the number of experiments was so small that no definite 
conclusions can be drawn. If the effect should prove significant, it would 
probably be related to the function of the »passive» reaction system descri- 
bed by Stälfelt (10), according to whom the stomata may be unable to attain 
their maximum aperture at water saturation because of the pressure exerted 
upon the guard cells by the adjacent epidermis cells. 


5. Conclusions 


The torsion balance experiments described in Section 3 show that a gra- 
dual increase of the cuticular transpiration of Pinus needles takes place with 
increasing atmospheric vapour pressure deficit. The curves obtained were of 
the same smooth type whether old or young needles were studied (Figures 5 
and 6). Similar curves were also obtained by Gäumann and Jaag in some 
cases, e.g., in their experiments with Phyllitis scolopendria. However, both 
in Pinus silvestris and in some other species these authors observed abrupt 
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transpiration changes, especially after the plants had been exposed to dry 
air. In our experiments such transpiration drops never appeared. The cause 
of this discrepancy can probably be found in the different conditions of the 
experiments. In Gäumann and Jaag’s investigation, darkening was always 
used as a means of producing stomatal closing, and the effectiveness of this 
treatment was controlled by direct microscopic observations, supplemented 
with infiltration tests. However, according to our experience these precau- 
tions are not adequaie in experiments with Pinus. We have demonstrated 
that in our material the stomata do not close completely even during a 
prolonged dark period (Section 4). Furthermore, we found the usual methods 
of measuring stomatal aperture to be unreliable when applied to Pinus 
needles at very small apertures. We arrived at the conclusion, therefore, 
that the dark-treatment in Gäumann and Jaag’s experiments cannot have led 
to complete closure, and that stomatal changes must have been partly 
responsible for the striking irregularities observed by them. If this is true 
of Pinus, there may be reason to suspect that similar irregularities found in 
Gäumann and Jaag’s experiments with other species may be due to the same 
cause. 

As shown by Figures 5 and 6, the relation between cuticular transpiration 
rate and atmospheric saturation deficit under the conditions of our experi- 
ments can be described by curved lines which bend slowly and gradually 
away from the ordinate axis. This contrasts with previous experiments con- 
cerning Betula verrucosa, where Stalfelt (12) demonstrated a linear rela- 
tionship, a result which has been confirmed by later experiments (unpub- 
lished). Thus it seems as if the effect of varying vapour pressure deficit on 
cuticular transpiration is not the same in all species. Obviously, such diffe- 
rences can only be explained by the fact that transpiration is not a purely 
physical phenomenon, such as the evaporation from a water surface, but is a 
physiological process. During transpiration a dynamic equilibrium exists 
between evaporation from the leaf surface and outward transport of water 
within the leaf tissues. Under certain conditions the latter may become the 
limiting factor of transpiration, Thus different types of curves might result 
from differences in the water permeability of cytoplasmic membranes and 
cell walls. More specifically, convex curves should be expected when 
transpiration leads to »surface desiccation», whereas rectilinear curves should 
be obtained where the internal water transport is sufficiently rapid to war- 
rant »homogeneous drying». (For definition and discussion of these terms, 
see 5, p. 71.) The anatomical structure of Pinus needles is such as to imply 
rather limited possibilities for a rapid water transport from the central 
conducting tissues on to the epidermal layer. For this reason, surface-desic- 
cation phenomena might be expected to occur much more readily in Pinus 
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needles than e.g., in Betula leaves. The ecological implications of such diffe- 
rences are evident. 

Gäumann and Jaag have shown that the smooth curves obtained in some 
of their experiments could be described by an exponential function. This may 
be done in the case of our Figures 5 and 6 also. However, we are inclined 
to consider these curves as compound structures, consisting of an initial 
rectilinear fragment followed by a curved portion, where the curvature 
depends upon the degree of surface desiccation (cp. 3, Pp. 164). If this 
hypothesis is correct, nothing would be gained by calculating a single func- 
tion comprising both parts of the curve. 

By comparing the two curves in Figures 5 and 6, the existence of an ini- 
tial rectilinear fragment is seen to be most clearly indicated in the second 
curve, i.e., in the experiments with young needles. According to our hypo- 
thesis this would mean that the centrifugal water transport system of the 
mesophyll should be relatively more effective in young needles than in 
old ones, an assumption which seems fairly reasonable. 


Summary 


The cuticular transpiration rate of excised Pinus needles of various age was 
determined at different levels of atmospheric vapour pressure deficit by 
registration of transpiration decline curves. The resulting diagrams (Figures 
5 and 6) show no evidence of the striking irregularities previously observed 
by Gäumann and Jaag in predarkened plants supposed to have completely 
closed stomata. In our material of Pinus needles it appeared impossible to 
distinguish between slightly open and completely closed stomata by the 
usual methods for aperture measurements. Experiments on the effect of 
darkening indicated that the stomata may remain partly open even during 
prolonged dark periods. According to these results it seems probable that 
stomatal movements within the submicroscopic aperture range may have 
played a part in Gäumann and Jaag’s experiments with Pinus. Hence, these 
experiments cannot be accepted as evidence of irreversible structural changes 
in the cuticula. As to the species not examined by us, the possibility of 
similar effects cannot be excluded, since Gaumann and Jaag always relied 
upon darkening as a means of inducing complete closure of the stomata. 
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1. Introduction 


Geotropism is commonly regarded as a growth response, due to an asym- 
metric distribution of auxin (the Went-Cholodny theory). Cholodny (1927) 
propounded for roots that a growth substance is produced by the root tip. This 
substance has a retarding effect upon the growth rate of the root and is removed 
by gravity in such a way that it is accumulated in the lower part of a horizon- 
tally placed root. As a result of this redistribution, growth is retarded on the 
lower side of the root and a curvature is originated. If this is true, one can 
postulate an influence by auxins supplied from outside upon the geotropic 
response. 

Furthermore, many observations as to the quantitative appearance of 
geotropism have been made by early investigators (summarized by Rawitscher 
1932 and 1937), which in the classical literature formed the bases of such 
concepts as reaction time and presentation time, the quantity-of-stimulus 
principle, the law of sines, Weber’s law and so on. The interpretation of 
those phenomena by the auxin-theory is not quite well understood, and 
little if anything has been done in this field. The aim of this investigation is 
to study the outlined problems and this paper deals with the influence of 
an auxin and an antiauxin upon the length of the reaction time and the 
presentation time. | 

To be sure the composition of the native auxin in plants is still unknown 
but all evidence points to a common presence of B-indole-acetic acid (IAA). 


[141] 
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This is shown to be the fact in roots by Bennet-Clark and Kefford (1953) 
and Lexander (1953). In the experiments reported here IAA has been used as 
an auxin. As an antiauxin a-p-chlorophenoxy-isobutyric acid (PCIB) is 
employed. Burström (1950) has shown, that this substance has an accelera- 
ting effect upon the cell elongation of wheat roots. 


2. Methods and Material 


It is a necessary condition for the experiments that the plants can be 
uniformly supplied with the substance in question. This is most easily 
attained by using roots as test material, because they can be held sub- 
merged in a solution containing the active substance during the experiments. 
With this presumption a test method has been worked out. Earlier investi- 
gations on geotropism by roots have always been carried out in moist air. 
With the author’s method the roots are grown under more natural condi- 
tions, because we must imagine that roots in the soil always are surrounded 
by a water film. Cholodny (1923) found that roots react more slowly to 
geotropic stimulation when they are immersed in water than they do in 
moist air. The author has not found a similar phenomenon. In the elemen- 
tary class-work in this institute, determinations of the reaction time on a 
large scale in moist air, with the same test material as in the experiments 
reported here, have given identical values. Air is continuously bubbled 
through the solutions during the experiments. It might be assumed that the 
retardation of the geotropic response in Cholodny’s experiments, was due to 
an oxygen deficiency. 


Cultivation 


The practical performance has been some-what varied for different test 
materials. Two kinds of plants have been used, one dicotyledon, flax, (Sva- 
löfs Valutalin) and one monocotyledon, wheat (Weibulls Eroica). 

Flax. The seeds were soaked for 5—6 hours in distilled water and then 
sown on strips of filter paper in 15 cm. petri dishes. They were arranged 
with the radicle downwards. After 24 hours the paper strips with the seed- 
lings adhering were placed on glass plates 5X11 cm. Then the roots were 
grown in distilled water from that evening to the following morning, 1.e., 
for about 12 hours. Before the start of the experiment the roots were grown 
in the test solution for at least half an hour. Immediately before an experiment 
the seedlings were selected and abnormal roots, long, short or curved ones 
were discarded. Seedlings, which obviously had been displaced while 
changing the nutrient solutions, were discarded in reading the results. For 
each experiment 10—14 seedlings were used. 


GROWTH SUBSTANCES AND GEOTROPIC RESPONSE 143 


—————— , 


Figure 1. 


Figure 1. Shape of plexiglas holder for cultivation of 


the wheat seedlings. 


Figure 2. Shape of plexiglas holder for the wheat seed- 
lings in the test. Figure 2. 


In the procedure the following must be noted. At the replacements one has 
to avoid touching the roots. As the flax seeds adhere to the paper strips, all 
operations can be carried out without directly touching the roots, thereby 
avoiding any hapto- or traumatotropic curvature. When the roots placed on 
glass plates are immersed in water, one has to be careful so that the whole 
seed and about 5 mm. of the hypocotyl are placed above the surface of the 
solution, When the whole plant is immersed growth is decreased by oxygen 
deficiency. The duration of the pretreatment of the roots in the auxin 
solution has no influence upon the length of the reaction time. It has been 
shown that, even if the roots are taken directly from the distilled water and 
exposed to gravity in an IAA-solution, identical results are obtained, except 
that a greater spread in the material could be observed. The results show a 
very good accordance and for the determinations of presentation times the 
correlation is calculated. Correlation coefficients of about 0.9 are generally 
obtained. The calculations are performed with mean values for experiments 
with 10—14 roots. 

Wheat. Essentially the same method has been used and only in details 
are there some differences. After 12—14 hours’ soaking in distilled water 
the seeds were sown on filter paper in 20 cm. petri dishes. After 24 hours 
the seedlings were placed in small glass tubes, which then were put verti- 
cally in special plates of plexiglas (figure 1). After growing there in a stan- 
dard solution for 12 hours the seeds were removed with their glass tubes 
to other plates of plexiglas (figure 2), and then as a pretreatment they were 
placed in the normal position in the test solution before the experiment. 
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Before they were put into the glass tubes the seedlings were carefully selected, 
and only well developed plants were used for the experiments. By using glass 
tubes for the plants it is possible to avoid touching the roots during the 
experiments. 


Environmental Factors 


Nutrient solution. For the experiments with flax distilled water was used 
as the basic medium and for wheat a standard solution of the following 
composition was used, 


CANNOT 2 +105 -M 
NO sae PRE 2-107 
MoSO NE 10-3 
CH PO RER 10-5 


No differences could be observed with respect to the different basic 
media. In table 1 reaction times for flax roots are shown, determined in 
distilled water and at the same time in the nutrient solution. The influence 
of nutrients upon the presentation time is shown by figure 3. The line is the 
calculated regression line for determinations of the presentation time in 
distilled water. The circles refer to determinations in standard solution. The 
small deviations from the regression line permit the conclusion that a balan- 
ced nutrient solution has no influence upon the geotropic response. Bur- 
strom has shown (1952) that calcium in a very low concentration affects the 
growth of wheat roots. In preparations of PCIB, calcium ions are present as 
impurities. Therefore all later experiments were carried out in balanced 
nutrient solutions, in order to eliminate a calcium effect. All experiments 
with flax, presented in this paper, were already completed at that time, and 
for additional experiments distilled water was used. In fact, it is not 
probable that calcium ions affect the geotropic response. According to Cho- 
lodny (1923) univalent cations as sodium and potassium in one-salt solu- 
tions have an inhibiting effect upon the geotropic curvations of roots. On 
the other hand, the reactions proceed normally or are even accelerated in 


Table 1. The influence of nutrients on the reaction time of flax roots. 


Reaction time min. in 


Standard solution Distilled water 


22 22 
23 21 1/2 
23 23 1/2 


23 1/2 
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Figure 3. Influence of nutrients on the presen- 
tation time of flax roots. The line is the calcu- 
lated regression line for the determinations of 
the presentation time in distilled water. Every 
circle refers to an experiment with 10—14 roots. 9 
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one-salt solutions of bivalent ions such as calcium and magnesium. Small 
amounts of calcium ions inhibit the effect of univalent metals. These results 
were confirmed by trials carried out by the author, except that no accele- 
rating effect by calcium ions could be observed. 

In the wheat experiments the above-mentioned standard solutions was 
always used. It has, however, been shown that identical results are obtained 
in distilled water, The nutrient solution gives a pH of about 5.8 and no 
change was established during the experiments. This was probably due to 
the short time used for an experiment. The plants usually remained in one 
solution for not more than one hour, except for the determinations of the 
reaction times in high concentrations of IAA. In such cases the experimental 
time could be extended to up to four hours. Nor under such conditions has 
any change in the pH value been observed. Alteration of pH by means of a 
phosphate buffer gave no change in the reaction time. Constant values were 
obtained within the limits pH 4 to 9. Determinations of presentation times at 
different pH-values were not performed. 

IAA and PCIB were used as sodium salts of the acids. Consequently sodium 
ions have always been present in the solutions. Experiments with sodium 
chloride and sodium hydroxide have shown, that sodium ions in as low 
concentrations as those used in this investigation have no effect upon the 
reaction time. 

Temperature, From the sowing to the end of the experiments the plant 
material was kept in a constant temperature chamber at 25° C. The con- 
nexion between temperature and geotropic sensitivity has been determined 
by several investigators: for shoots of Vicia Faba by Bach (1907), for Avena- 
coieoptils by Rutgers (1912) and for Lupinus-roots by Czapêk (1898). For 
shoots very small variations in reaction time and presentation time were 


10 
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obtained between 25°—30° C. For Lupinus-roots Czapék reported constant 
values between 15°—30° C. Even if the results cannot be directly transferred 
to the authors material, it may be suggested that small differences in tem- 
perature are negligible Furthermore, the experiments were performed in 
water solution. To the basic media, tempered water from a bottle con- 
taining 10 litres was used. 

Light. The experiments were carried out in darkness. The results were 
recorded photographically, and therefore light was flashed on at the expo- 
sures about 10 seconds every 3 minutes. The light intensity was about 500 
Lux. Any influence of light could not be established. Furthermore, controls 
were always made in the determinations of the reaction time, and in this 
case at least an effect can always be attributed to the substances added. 


Methods of Determination 


Reaction time. The time from the beginning of the stimulation until 50 
per cent of the roots showed curvatures was taken as the reaction time. 
Usually the experiments were followed until a reaction could be observed 
in all roots. If one root, however, within a reasonable time had not curved, 
this fact was neglected and the point where 50 per cent of the present roots 
showed curvature, was taken as the reaction time. Therefore an error is 
present in the determinations, but this is an error that cannot be corrected. 
Of course it could be possible to determine the percentage of non-curving 
roots from a large material, but even if that figure always were subtracted 
from the total number of roots, an error would appear in the single deter- 
minations. It is very seldom that no reaction occurs, and therefore in the 
author’s opinion one will have the same chance of getting correct results in 
this way. Furthermore, the error is probably slight enough to disappear in 
the natural spread of the material. Of course, the error could be 
corrected if every experiment were followed for a very long time, but this is 
possible only in the determinations of the reaction time and not in the case 
of presentation time. For this reason too the above-mentioned method was 
employed. 

For every determination of reaction time, four plates with 10—14 seed- 
lings each were used. Two of the plates were immersed in a test solution and 
two in distilled water. Thus every determination was compared with a 
control. 

Presentation time. In determinations of the presentation time, the roots 
were stimulated in a horizontal position for a certain time, e.g., 9 minutes. 
The roots were then replaced in a vertical position and curvatures were 
recorded for a period of about twice as long as the reaction time. The results 
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Figure 4. Method of recording the curvatures. 


05 MM 


of many experiments with different times of stimulation were added 
together, and a regression line for the percentage of curved roots plotted 
against time of stimulation was calculated. The point of intersection of the 
regression line and the line for 50 per cent reaction was considered as the 
presentation time. 


Reading the results. In this work, curvatures were registered photographi- 
cally and the film negatives were read off by means of a magnifying glass 
with a micrometer scale. A root was considered to be curved when the root 
tip was deviated so much, that a gap of 1/29 mm. width appeared between 
the side of the root and the scale of the magnifying glass, lying parallel to 
the root and touching the lower part of the root tip. This corresponds to an 
actual deviation of 0.5 mm. See figure 4. This method was used in the 
determinations of the reaction time. As to the presentation time it proved 
easier to use another method in determining whether a curvature was a true 
geotropic response. Even if the root never curves enough for the above-men- 
tioned gap to appear, the reaction can be identified. It can be shown that 
an autotropic return to the starting point in such cases always appears if the 
curvature is a response to a geotropic stimulus. Therefore a root was consi- 
dered to be curved if only a weak curvature appeared, provided that later 
on the root became straight. The autotropic straightening proved to be very 
distinct at stimulation times near the presentation time. As different methods 
were used for the determinations of reaction times and presentation times it 
is clear, that the difference, the latent period became too long. This error 
must be constant and was of the magnitude of 2—3 minutes. 

Sometimes both the reaction time and the presentation time were deter- 
mined in the same experiment. Of course this could be done only when the 
time of stimulation considerably exceeded the presentation time, and conse- 
quently 100 per cent of the roots were curved. On the one hand, only under 
such circumstances are curvatures great enough for the first method at- 
tained. On the other hand, all roots do not curve at the same time, e.g., in a 
determination of the presentation time only 25 per cent of the reots will react. 
Those 25 per cent are roots, reacting more rapidly than the majority. It 
has been pointed out too, that in such experiments the reaction time, as 
shown by the curve, is shorter than the true reaction time, determined in 
trials: with 100 per cent curvatures. This fact can be taken in support of 
the usefulness of the experimental methods. 
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Figure 5. Influence of B-indole-acetic acid 
on the reaction time and growth of flax 
20 roots. Open circles: reaction times; solid 
circles: growth inhibition in per cent of 
the growth in distilled water. The deter- 
minations of reaction time and growth 
inhibition are made in the same experi- 


5 ment. 
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3. Results 


Experiments with flax. The influence of IAA on the reaction time of flax 
roots was determined within the concentration range of 10-°—10 7 M. The 
results are shown in the curve in figure 5. During the experiments a certain 
variation in the values appeared even with constant environmental conditions. 
The experiments were carried out in the autumn of 1951 and in the winter 
of 1952. It could be noted that the control value (reaction time in distilled 
water) early in the autumn was about 30 minutes while later on it decreased 
rather rapidly to 22—24 minutes. This value remained fairly constant during 
the winter and the spring. It is not possible to say if this phenomenon is a 
seasonal variation in the geotropic sensitivity (Brain 1952) or depends on a 
maturing and drying process of the seeds, resulting in an increase in the 
sensitivity for a geotropic stimulus. The experiments with flax were 
completed in the spring of 1952 and therefore a curve for a whole year was 
not obtained. Determinations of the reaction time were always undertaken 
in destilled water simultaneously with the determinations in IAA-solutions. 
The values in the diagram have been corrected with regard to fluctuations 
in the water values, and all refer to a reaction time in water of 30 minutes. 

In determinations of presentation times, simultaneous controls could not 
be performed but the experiments were carried out during the winter 
and spring when no variations appeared in reaction time controls. Good 
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Table 2. The influence of fB-indole-acetic acid upon the geotropic response of flax roots. 
For every determination of ihe presentation time 150—300 roots are used. 


IAA M Presentation time in | Reaction time in Latent period in 
minutes | minutes minutes 


| | 
en. | 1 | 24 17 
0,15%X10 | 9 1/2 26 16 1/2 
IN x<10-8 | 14 | 30 16 
2 X10—8 | 21 34 13 


agreement was obtained between different steps in a determination. There- 
fore fluctuations in sensitivity of the material can surely be neglected. The 
influence of IAA upon the presentation time is shown by table 2. 

From table 1 and figure 5 the following can be concluded: 

1. An increased IAA-concentration causes a prolongation of the presen- 
tatıon time. 

2. A prolongation of the reaction time is also produced. 

3. The latent period is approximately constant (table 2). Consequently it 
is evident that the changes in the presentation time are primary and are 
followed by the changes in the reaction time. The decreased latent period, 
possibly appearing in higher IAA-concentrations may be due to the simulta- 
neously occurring decreased elongation of the roots. The latent period in- 
cludes, among other things, conduction of stimulus (interpreted as trans- 
location of auxins). It can be postulated that the shorter the route of 
conduction, the shorter the latent period. 

4. The influence of IAA upon the geotropic reaction occurs in the same 
concentration range as the influence on root elongation. This inhibiting 
effect on the elongation is shown by the solid circles. The simultaneous 
appearance of growth inhibition and prolongation of the reaction time 
makes it probable that the latter is due to an influence upon the cell 
elongation. 

5. Two different values of the reaction time in JAA 2-10-8 are given. 
In the curve the value is about 60 minutes and in the table it is 34. In those 
two cases the determinations are carried out in different manners. If the 
roots are exposed to gravity during the whole experiment, the reaction time 
reaches the higher value, 60 minutes. On the other hand, if the roots are 
returned to the vertical position after stimulation, as is done in the deter- 
minations of presentation time, reaction time becomes 34 minutes. In table 
3 column I shows the reaction times obtained with continuous stimulation. 
Column II gives the values obtained in the presentation time determinations. 
In these cases the roots are returned to vertical position after the stimulus 
but before the reaction sets in. In distilled water and in IAA 1078 the values 
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Table 3. Reaction times with increasing concentration of B-indole-acetic acid, determined 
in two different methods. Explanation in the text. Determinations with flax roots. The 
values are means of 50—60 roots or more. 


Reaction time in minutes 
IAA M re = 
Method I | Method II 
0 23 | 24 
10-3 | 31 30 
DE NE | 60 34 


show good accordance but in IAA 2-10~8 a great difference is obtained. 
This case will be discussed later. 

In figure 6 the calculated regression lines for the determinations of presen- 
tation times are shown. It is evident that an increase of the IAA concentra- 
tion gives a decreased slope of the line. That means that a greater absolute 
spread along the time axis appears. If the point of the intersection of the 
regression line and the abscissa subtracted from the intersection of the 
line for 100 per cent curvature and this difference is calculated in per cent 
of the presentation time, a rather constant value of about 60 per cent is 
obtained, except for the value at the concentration 0.75 :10”®. However, the 
results of this determination even in other respects differ from the other 
values. At the concentration 2 : 108, the above-mentioned difference is 12.5 
minutes, It is about as long as the latent period, determined to 13 minutes. 
It can be postulated that, if more IAA is added the difference will exceed 
the latent period. In fact the experiments have shown that no presentation 
time could be determined at an IAA-concentration of 3: 105 M. The reason 
for that was that some of the roots had not yet reached their presentation 
time when others had already curved. Exactly that should be expected from 
the slope of the regression lines. 
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Figure 6. Calculated regression lines for the determinations of presentation times. 
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Table 4. Influence of B-indole-acetic acid on Table 5. Influence of ß-indole- 
the reaction time of flax roots in the presence of acetic acid on the reaction time 

a-p-chlorophenoxy-isobutyric acid 5x 10-° M. of wheat roots. 
Er 8 Reaction time in minutes | | IAA M | Dewees ee | 

| IAA | IAA-+PCIB | | De 
| | 

0 23 21 | | 0 | 26 

10-8 | 31 | 28 | 21004 as 

+ At | 60 30 SZ | 2 

3X10—8 | 80 | 40 | 


As a second part of the experiments the influence of PCIB was studied. 
This substance was shown to give an optimal increase in root elongation of 
wheat in concentrations about 10-5 M (Burström 1951). The growth was 
about doubled. As to flax roots Aberg (1952) showed that with a-phenoxy- 
isobutyric acid, a closely related substance, an increase of only about 9 
per cent was obtained. In fact flax roots are much less sensitive to anti- 
auxins than wheat roots. For the material used in this investigation experi- 
ments showed an optimal effect at 5° 10-® M, and this concentration was 
used in the experiments. The roots were pretreated in PCIB for one night. 
PCIB was used partly alone and partly together with IAA in different con- 
centrations. Alone it showed no significant effect on the presentation time 
but a greater spread in the material appeared. The reaction time too was 
unaltered. The simultaneous effect of IAA and PCIB is shown in table 4. It 
has earlier been pointed out that the latent period is constant and therefore 
only reaction times were determined. From the table the following can be 
concluded: 

1. The length of the reaction time is not affected by PCIB when IAA 
is present in 10 * M solution. The slight decreases that possibly are shown 
here and in distilled water are statistically uncertain. It has earlier been 
mentioned that calcium ions, present as impurities in PCIB, may have an 
influence upon the reaction time, even if the author has failed to demonstrate 
it. Also for this reason no importance is attached to these slight differences. 

2. At higher concentrations of IAA a remarkable decrease in the reaction 
time is originated. It should be noted that this effect starts at 2:10 M 
or at the same point where the earlier mentioned prolongation of the reac- 
tion time with continuously stimulated roots was demonstrated. 

Experiments with wheat. These experiments have just been started but 
even the preliminary results are very interesting. In table 5 some determina- 
tions of the reaction time are shown. It is evident that reaction time is 


prolonged by IAA. 
Determinations of the presentation time proved to be very complicated. 
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Figure 7. The presentation time of wheat roots determined in the standard solution alone 

and with a-p-chlorophenoxy-isobutyric acid 10-° M present. Open circles refer to deter- 

minations of the percentage curved roots with different times of exposure in standard 
solution. Solid circles refer to determinations with ‘the acid present. 


In figure 7 the percentage curved roots are plotted against stimulation time. 
Up to 10 minutes the curve rises normally and the line for 50 per cent 
reaction is intersected at 9.5 minutes. Between the limits 11 and 16 minutes a 
great spread is shown. The plots are based on mean values of roots, In this 
case statistical methods could not be used because of the great spread. 
Every plot is the mean of about 60 roots. After about 16 minutes practi- 
cally all roots were curved. 

If the roots were treated with PCIB (10°? M) the great spread between 11 
and 16 minutes disappeared. There is, however, no significant difference in 
presentation time, the presentation time in standard solution then amounting 
to 9—10 minutes. 


Discussion 


It has been pointed out that an increased treatment with IAA is followed 
by a prolongation of the presentation time. This may be interpreted as 
follows. If a root is treated with an auxin a uniform influence is obtained 
upon the cell elongation in all parts of the root. After that there is possibly 
a further influence, e.g., if the root is exposed to gravity. It has been shown 
in roots (Hawker 1932, Boysen-Jensen 1933) that such an exposure is fol- 
lowed by an asymmetric distribution of auxin and that the lower part of 
the root contains more auxin than the upper part. Consequently the root 
will be unequally influenced in different parts, and this will give the geotropic 
response, If the root is already influenced by auxin from the outside it can 
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be postulated that an additional influence from the inside must be stronger 
to be able to evoke a response. A stronger additional influence is caused by 
a greater difference in the concentration of auxin in the lower and upper 
parts of the root, which is caused by a longer presentation time. If this 
is true we have quite a parallel to Weber’s law as applied to chemotaxis, 
where a constant quotient exists between the concentration of the stimu- 
lating substance in the solution and a further applied stimulus. In fact we 
would speak of chemical stimulus in the zone of cell elongation rather than 
of geotropic stimulus. This interpretation is supported by the fact that the 
influence upon growth and reaction time starts at the same concentration 
of IAA. Thus it can be concluded that IAA will more likely have an influence 
upon the geotropic reaction than on the geotropic perception. 

This interpretation is based on the assumption that there must be a 
threshold value of the difference in auxin concentration in the upper and 
lower part of the root for a reaction to take place. This is in agreement with 
the quntity-of-stimulus law and with the fact that a presentation time can 
be determined. On the other hand it is not in agreement with the results in 
table 1, in which a continous increase of the effect of IAA with increasing 
concentration can be observed. The discrepancy cannot be explained. 

It was shown that two values could be obtained for the reaction time 
of flax roots in IAA 2-10~8 M. If the roots were exposed to gravity during 
the whole experimeni, the reaction time was determined to 60 minutes, On 
the other hand if the roots were replaced in a vertical position after the 
stimulation, the reaction time was determined to 34 minutes. Evidently two 
things can happen. The reaction may be delayed in the first case or it may 
be accelerated in the second. Both possibilities could be explained by the 
assumption that the sensitivity of the root for gravity is altered by the 
phenomenon known as geotonus. It is assumed (v. Ubisch 1933) that the 
geotonic effect is proportional to the cosine of the angle of deviation. 
Consequently the geotonic effect has its greatest value in the vertical posi- 
tion and is zero when a root is placed horizontally. Therefore this effect 
can be neglected in the first case, when the roots are continuously exposed 
to gravity. In the second case, of course, the geotonic effect will be active, 
but in the normal vertical position the effect is inhibiting. Therefore a 
prolonged reaction time would be expected instead of a shortened one. 
Consequently the geotonic effect cannot explain the present results, and it 
seems improbable that the sensitivity of the root is altered, For this reason 
an acceleration of the reaction in the second case cannot be accepted as an 
explanation of the results. A retardation can be interpreted in another way. 
A reaction in the opposite direction to the normal positive geotropism may 
be induced. This reaction cannot be autotropic in the common meaning of 
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this term. An autotropic curvature is always caused by a preceding curva- 
ture. In this case a curvature has never taken place. A counter reaction to 
the positive geotropism is reported by Lundegärdh in some works, summa- 
rized by him in 1926. By using higher stimulating intensities than gravity he 
has shown that a negative geotropic reaction may exist. It could be 
demonstrated only by high centrifugal forces and is normally covered by 
the positive response. The negative reaction appears as a decreased end- 
reaction in the positive ortotropic curvature. The existence of this reaction 
has been doubted but the author’s results can hardly be understood without 
the assumption that it really is present. In Lundegardh’s experiments it 
appeared when high centrifugal forces were used. In my case it turns up 
when the normal positive reaction is retarded by IAA. 

It was shown, that PCIB had an effect upon the reaction time of flax only 
when IAA was present at the same time. In the concentration of IAA in 
which the above-mentioned reaction appeared a remarkable decrease in the 
reaction time was obtained. Therefore PCIB seems to have an effect upon 
this reaction. This interpretation is supported by the similarly large decrease 
in the concentration 3-10~8 M. On the contrary IAA seems to have no effect 
upon the negative reaction. 

The results in the experiments with wheat are in good agreement with 
those of flax. The same interpretations are applicable. The great spread and 
probable decrease in the number of curved roots, which appears between 
11 and 16 minutes may be interpreted as a negative reaction, comparable 
to that of the flax experiments. The reaction is only displaced in time in 
wheat. The interpretation is supported by the result of the PCIB treatment. 
In this case the presentation time can be determined in a normal manner 
and no trouble is observed. Furthermore, the presentation time is not signi- 
ficantly changed. In this connexion it can be pointed out that a difference 
exists in the geotropic behaviour between flax and wheat. If wheat seeds 
are germinated on filter paper and remain in a horizontal position the roots 
grow out horizontally along the filter paper. One would expect that geotropic 
curvature should take place. This is what happens if flax seeds are treated in 
the same manner. The flax roots curve against the paper and the seed is 
elevated. This phenomenon can be interpreted as follows. In a flax root the 
negative reaction has a presentation time longer than the reaction time of the 
positive reaction. Therefore the root tip is not in a stimulated position long 
enough for the negative reaction to take place. On the other hand, in wheat 
the negative reaction only requires a short time to appear and, therefore, 
it can partly inhibit the positive one. The result observed is that the wheat 
root has a weaker geotropic response than the flax’ root. 

Another factor is of great interest. In the author’s experiments IAA and 
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PCIB are not real antagonists. IAA affects the normal positive reaction, 
which is not influenced by PCIB. The negative reaction is affected by PCIB 
but presumably not by IAA. As a working hypothesis it can be postulated 
that the two substances affect two different processes in the root, both 
present at the same time. It may be possible to put this in connexion with 
the two stages in growth, demonstrated by Burström (1942, 1953). 

It can be concluded on the basis of these experiments, that the Cholodny 
theory is not an adequate explanation of the geotropic response of roots. 
Nothing has been encountered that contradicts the theory as regards the 
normal positive reaction but there may be another mechanism working at 
the same time. Further investigations may throw light on this subject. 


Summary 


A method for determination of presentation time and reaction time by 
roots in water is described and discussed. As test objects flax and wheat 
have been used. © 

The influence of ß-indole-acetic acid and a-p-chloro-phenoxy-isobutyric 
acid upon reaction time and presentation time is determined. The following 
results are obtained: 

1. The presentation time is prolonged by IAA. 

2. The latent period is shown to be approximately constant and there- 
fore the reaction time varies with the presentation time. 

3. The value of the reaction time obtained in IAA 2:10°® M is shown to 
be dependent on the method of determination. If the roots are returned to a 
normal vertical position after the presentation time, a reaction time is 
obtained which is shorter than that determined with the roots in a horizon- 
tally stimulated position all the time. This may be explained by the assumption 
that a negative geotropic reaction exists with a longer time of presentation. 
Such a reaction has earlier been demonstrated by Lundegärdh. 

4. PCIB is shown to have an influence upon the negative reaction but 
has apparently no effect upon the normal positive geotropism. 
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Experiments on the ’Light-break’ Effect in Short-day Plants 
By 
P. F. WAREING 


(Dept. of Botany, The University, Manchester, England) 
(Received December 12, 1953) 


It is well-known that a short interval of light (‘light-break’) given during 
the dark period has a profound effect on the photoperiodic responses of 
many species. Flowering in ’short-day’ plants depends upon their being 
exposed to cycles which include a certain minimum period of darkness 
(‘critical dark period’) and is partially or completely inhibited if the dark 
period is interrupted by a short light-break (Hamner and Bonner, 1938; 
Hamner 1940: Harder and Bode, 1943). In ‘long-day’ plants the position is 
reversed, and when such plants are kept under ‘short days’ flowering is 
promoted by a light-break given during a dark period. (Claes, 1947; Borth- 
wick et al, 1948). 

In experiments involving 24-hour photoperiodic cycles, the effectiveness of 
light-break is maximal at about the middle of the daily dark period (Harder 
and Bode, 1943), and it has been assumed that in short-day plants flowering 
is inhibited because the dark period is thereby divided into two portions, 
neither of which exceeds the minimum ‘critical’ dark period necessary for 
flowering. This inhibitory effect of a light-break has generally been ascribed 
to the photo-inactivation or reconversion of some dark product ’B’. (e.g. 
Hamner, 1940; Gregory, 1948). 

Experiments have been carried out by Claes and Lang (1947) with the 
long-day plant Hyoscyamus niger and by Carr (1952 a) with the short-day 
species Perilla ocymoides and Xanthium pennsylvanicum, in which light- 
breaks were given at various intervals during long dark periods of 36—40 
hours’ duration. It was found that such light-breaks were effective (in pro- 
moting flowering in Hyoscyamus and inhibiting flowering in Perilla) only 
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during the initial hours of darkness or towards the end of the dark period. 
Similar results have been obtained by Bünsow (1953) with Kalanchoe Bloss- 
feldiana. The results with the short-day plants cannot be explained simply 
on the basis that the cycles did not include a dark period in excess of the 
critical, since the inhibitory light-breaks given during the initial period of 
darkness were followed by dark periods of more than 24 hours’ duration. 
Similarly, a light-break towards the end of the dark period was inhibitory 
although preceded by an uninterrupted period of darkness well in excess of 
the critical. _ 

In discussing the results with Hyoscyamus, Claes and Lang (loc. cit.) 
suggested that a light-break may interact in some way with the main photo- 
period when the interval between them is not too great, and that it is 
immaterial whether the light-break precedes of follows the main photo- 
period. 

A somewhat similar explanation was put forward by Wareing and Carr 
(1952) to explain the results in short-day species. It is known that, in Biloxi 
soybean, flowering will not occur if the light periods exceed certain limiting 
values, even when associated with dark periods well in excess of the critical. 
(Hamner, 1940). It has also been shown (Wareing 1953) that in this plant the 
value of the ‘limiting photoperiod’ falls as the length of the dark period is 
increased, and that when the duration of the dark period exceeds 25 hours, 
flowering will not occur when the photoperiod is longer than 9—10 hours. 
Thus, it is possible that the inhibiting effect of a light-break given shortly 
before or shortly after the main light period is due to the additive effect of 
the two periods of illumination, so that the total effective photoperiod exceeds 
the ‘limiting’ duration. (This will be referred to as the ‘limiting photoperiod 
hypothesis’). 

A possible alternative explanation is provided by the theory of Biinning, 
(1944, 1946, 1948, 1950), according to which the photoperiodic responses of 
plants are determined by an endogenous rhythm of ’photophile and 
"scotophile-phases, flowering in short-day species being inhibited when light 
falls within the scotophile phase. In the experiments of Carr, (loc. cit) and 
Bünsow (loc. cit.) in which cycles of 48-hours’ duration were used, light breaks 
given towards the end of long dark periods would fall within the hypothetical 
‘second scotophile phase’ and would be expected to be inhibitory for that 
reason. (For a full discussion of this subject, see Carr). 

The experiments described below were carried out to test the validity of 
these two alternative hypotheses in relation to the inhibition of flowering 


in short-day plants by light-breaks given during abnormally long dark 
periods. 
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Experimental 


General technique 


The experiments were carried out with plants of ‘Biloxi’ soybean (grown from 
seed supplied by courtesy of Dr. H. A. Borthwick) and Xanthium pennsylvanicum 
(derived from seed kindly supplied by Dr. W. W. Schwabe, and originally obtained 
from Professor K. C. Hamner). The plants were grown in ‘John Innes’ potting 
compost in 10 cm. pots, and were maintained in a warm greenhouse under 18-hour 
photoperiods until they attained a size suitable for experiment. The plants of Biloxi 
soybean were used when they had expanded the third trifoliate leaf, and the plants 
of Xanthium when they had attained a height of about 25 cms. The experimental 
treatment was given under controlled conditions by transferring to growth-cabinets 
described previously (Wareing, 1953). The light for the main photoperiods was 
supplied by batteries of 5 ft., 80-watt ‘daylight’ fluorescent tubes providing an 
intensity of approximately 10,000 lux (60 W/m?). At the end of the photoperiods 
the plants were transferred to dark compartments, which contained 100-watt 
tungsten filament lamps, which could be automatically switched on for 30 minutes 
for purposes of providing the light-breaks. The intensity of illumination used for 
the light-breaks was 1,000 lux at the highest expanded leaf, but was less at the 
levels of the lower leaves. (Since most of the experiments involved maintaining the 
plants in darkness for long periods following relatively short photoperiods, it was 
considered desirable not to reduce the total leaf-area by any defoliation, and the 
plants were accordingly allowed to retain all leaves.) 

The temperature in the light compartments was 20—22° C. In the initial experi- 
ments the same temperatures were used during the dark periods, but it was later 
found that the plants survived the treatments better at a slightly lower temperature, 
and in most experiments the temperature during the dark period was 18 197G 

After the experimental treatment, the plants were maintained under long-day 
conditions (18 hr. photoperiods) in the growth-cabinets for a few days and were 
then returned to the greenhouse. In the winter months the natural daylight in the 
greenhouse was supplemented by illumination from mercury-vapour lamps. Where 
necessary the plants were transferred to larger pots during this period. The plants 
were dissected for observation of the flowering response 2—3 weeks after the ter- 
mination of the experimental treatment. 


Experiments with Biloxi soybean. 

Acording to the ‘limiting photoperiod hypothesis’, inhibition of flowering 
by light-breaks given during the first hours of darkness or towards the end 
of along dark period is due to their interaction with the main light period, 
so that the effective total photoperiod exceeds the ‘limiting’ value. This 
hypothesis may be tested by using light-breaks in conjunction with diffe- 
rent lengths of photoperiod, since it would be expected that inhibition would 
be greater, the longer the main photoperiod. Since in Biloxi soybean, the 
duration of the limiting photoperiod when used in conjunction with very 
long dark periods is in the region of 9—10 hours (p. 158), it is clear that 
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the maximunı duration of photoperiods used in such experiments cannot 
exceed about 9 hours, for with longer photoperiods the ’controls’ will not 


flower. 


Experiment 1. 


One hundred twenty-and eight plants were divided into 16 groups, each con- 
taining 8 plants. There were two series of groups which were exposed to (a) 6 hours 
of light and 42 hours of dark, and (b) 9 hours of light and 39 hours of dark respec- 
tively, so that the total cycle length for both series was 48 hours. Seven groups of each 
series received a light-break of 30 minutes’ duration, (1,000 lux intensity) at a 
certain time during the dark period, which varied according to the group (Figure 1). 
The remaining group of each series received no light-break and thus served as a 
‘control’. The treatment was applied for 9 cycles. 


The results are summarised in Figure 1. It will be seen that with a 9-hr. 
photoperiod, there is strong inhibition of flowering (a) 6 hours after the 
commencement of the dark period, and (b) at 3—6 hours from the end of 
the dark period. A light-break given after 21 hours of dark appears to have 
a stimulatory effect on flowering. 

With a 6-hour photoperiod there is again marked inhibition by a light- 
break given after 6 hours of dark, but the inhibition at the end of the dark 
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Figure 1. Biloxi soybean. Effect of light-breaks given at various intervals during long dark 

period, with main photoperiods of 6 hours (-® —) and 9 hours (—9°-) respectively. Total cycle 

length=48 hours. (Experiment 1). The lengths of the vertical lines represent twice the 

standard errors of the means, plotted with the mean as midpoint. Abscissae show times 
from commencement of photoperiods. 
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Table 1. Biloxi soybean. Effect on flowering of light-breaks preceding the main photo- 
period. (Experiment 2). 


No. of flowering nodes. 


| 
Photoperiod | 


(hours) | Light-break 6 hrs. preceding, Light-break 3 hrs. preceding u Without 
| photoperiod | photoperiod | light-break 
| | | 
6 | JE AA 18.1 + 2.4 | 13.922268 
9 | eee AS Osi se ler 25.3 + 2.6 | 


period is very much less than with a 9-hour photoperiod. There is slight 
inhibition with a light-break given at 6 hours, but none at 3 hours, before 
the end of the dark period. There is moreover, no stimulation of flowering by 
a light-break given in the dark middle of the period. 

The effects of light-breaks at the end of the dark period are consistent 
with the ‘limiting photoperiod hypothesis’, in so far as they depend upon 
the duration of the following photoperiod. It is less clear, however, whether 
the inhibition caused by a light-break in the initial part of the dark period 
can be explained entirely in terms of the hypothesis. 


Experiment 2. 


In order to obtain confirmation of the effect of light-breaks given towards 
the end of long dark periods, observed in Experiment 1, the following further 
experiment was carried out. Thirty-six plants were divided into 6 equal 
groups. Three groups were exposed to 6-hour photoperiods and the remainder 
to 9-hour photoperiods. Light-breaks were given 3 hours or 6 hours from 
the end of the dark periods, which were of 42 and 39 hours’ duration 
respectively. The general conditions were the same as in Experiment 1. 

The results are summarised in Table 1, and are fully in agreement with 
those of Experiment 1, viz., light-breaks 3 and 6 hours preceding a 9-hour 
photoperiod are inhibitory, whereas with a 6-hour photoperiod only a 
light-break 6 hours preceding is inhibitory. A light-break 3 hours before 
a 6-hour photoperiod actually shows slight stimulation of flowering. Thus, 
the duration of the main photoperiod has a marked influence on the effect 
of light-breaks immediately preceding it. This is in agreement with the 
‘limiting photoperiod hypothesis’, but is not predicted by the Bunning 
Theory. 


Experiment 3. 


A critical test of Biinning’s theory would be provided by arranging that 
the light-breaks immediately preceding a photoperiod fall within a 'photo- 
phile’ phase, and the following experiment was carried out for this purpose. 
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Figure 2. Biloxi soybean. Effect of light-breaks given at various intervals during long dark 
periods, with main photoperiods of 9 hours. Total cycle length=60 hours (Experiment 3). 


Sixty plants were divided into 10 equal groups. All plants were exposed to 
9-hour photoperiods and 51-hour dark periods (i.e. 60-hour cycles). The 
dark period was interrupted by a light-break (30 minutes at 1,000 lux) ata 
given time, which varied according to the group (Figure 2.) The plants 
received 8 cycles of treatment. The results are shown in Fig. 2. 

It was found that a light-break is again inhibitory during the initial hours 
of darkness and at the end of the dark period, as in Experiments 1 and 2, 
in which 48-hour cycles were used. Light-breaks given during the middle 
portion of a 51-hour dark period either have no effect on flowering or 
actually promote flowering. 


Now if, with 48-hour cycles, the inhibition of flowering caused by light- 
breaks at the end of the dark period (i.e. after 33—36 hours of darkness) is 
due to the fact that they fall within the ’second scotophile phase’ of the 
Bunning Theory, when longer cycles are used, light-breaks given after 
33—36 hours of darkness should still be inhibitory, while light-breaks given 
later will fall within the ‘third photophile phase’ and should not be inhibi- 
tory. Clearly, the results of the present experiment are not in agreement with 
the Bunning Theory, since light-breaks at the end of the dark period are 
inhibitory even when they fall within a ’photophile’ phase, and there is no 
evidence of a ’second scotophile phase’. 
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Experiment 4. 


The ‘limiting photoperiod hypothesis’ presupposes that small quantities of light, 
given as light-breaks preceding or following the main photoperiod, inhibit flowering 
because they extend the total effective photoperiod beyond the ‘limiting’ value. In 
the experiment of Wareing (1953), in which it was demonstrated that flowering is 
inhibited by photoperiods of 12 hours or more, when used in conjunction with long 
dark periods, these photoperiods were given at the full intensity throughout. The 
following experiment was carried out to determine whether low-intensity supple- 
mentary illumination is equally effective when used to extend the photoperiod 
beyond the ‘limiting’ value, in cycles which include long dark periods. 

Eighteen plants of Biloxi soybean were divided into three equal groups. All groups 
were exposed to eight 48-hour cycles, which included 9 hours of light at the full 
intensity. (10,000 lux). In the case of two groups this 9-hour main light period was 
supplemented by 6 hours of illumination at an intensity of 200 lux, which was 
given following or preceding the main light period, respectively. The third group 
received only 9 hours of light at the full intensity. Following 8 cycles of treatment, 
it was found that the first two groups remained vegetative, while the third group 
showed a mean number of 6.2 flowering nodes. Thus, low intensity illumination is 
effective in suppressing flowering when used to extend the photoperiod so that it 
exceeds the ‘limiting’ value, and it is immaterial whether this low-intensity illumina- 
tion is given either before or after the main light period. 


Experiments with Xanthium pennsylvanicum. 


By contrast with the effects observed in Biloxi soybean, it appears from 
the experiments of Mann (1940), that there is no ‘limiting’ photoperiod in X. 
pennsylvanicum, since this species will flower as the results of exposure to a 
single dark period of 12 hours, even when this follows a photoperiod of 
20 hours. 

It might, therefore, be expected, on the basis of the ‘limiting photoperiod 
hypothesis’ that a light-break closely preceding the main photoperiod would 
cause little or no inhibition of flowering in this species, which may there- 
fore be used as a further test of the hypothesis. The work of Carr (1952) 
included experiments with Xanthium, and although there appeared to be 
some inhibition by a light-break near the end of a long dark period, the effect 
was very much less marked than in Perilla and was only demonstrated by 
adopting a somewhat complex system of scoring’, based upon the stages of 
development of the male and female flowers. It was considered necessary, 
therefore, to verify (1) whether there is, in fact, a ‘limiting’ photoperiod in 
Xanthium, when abnormally long dark periods are used; and (2) whether 
any appreciable inhibition of flowering is caused in this species by light- 


breaks given during long dark periods. 


Experiment 5. 


Eighty-four plants were divided into 16 groups, each containing 6 plants. These 
plants were first exposed to ’short-cycle’ treatment (consisting of 3 minutes light and 
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Table 2. Xanthium pennsylvanicum. Details of photoperiodic cycles used in Experiment 5. 


| Duration of photoperiod (hours) | 
oo 12 | 18 | 24 | 36 


| 


63 bsp 36, 48, 60/12, 24, 36, 48 | 24, 36, 48, “à 12, 24 | 


| 


Dark periods (hours) 


3 hours of dark) which has been shown by Hamner (1940) to nullify the effects of 
the photoperiodic conditions to which the plants have previously been exposed. After 
receiving 5 such short-cycles, each group was exposed to one of 15 different photo- 
periodic regimes, in which the duration of the light period ranged from 9 to 36 
hours and the dark period from 12 to 60 hours. (Table 2.) Each group received 3 
cycles of treatment. A ‘control’ series was maintained under 18 hours of light and 
6 hours dark, under which conditions Xanthium remains vegetative. 


After the experimental treatment the plants were returned to long-day 
conditions in the greenhouse for 18 days. At the end of this time the plants 
of all groups showed macroscopic terminal male inflorescences, with the 
exception of the groups exposed to (9 hrs. light, 63 hrs. dark) and (12 hrs. 
light, 60 hrs. dark). The plants of the latter groups showed considerable 
delay in development, but ultimately all plants of these groups also flowered. 
Thus, in Xanthium (in contrast to Biloxi soybean) there appears to be no 
‘limiting’ length of photoperiod even with very long dark periods. 


Experiment 6. 


Twenty four plants were divided into 3 equal groups. The plants were first ex- 
posed to short cycle treatment (as described for Experiment 5) and then exposed 
to three 48-hour cycles, each consisting of 12 hours of light and 36 hours of dark. 
One of the groups received a light-break (30 minutes at 1,000 lux) 6 hours after 
each main light period and another group received a similar light-break after 30 
hours of dark (i.e. 6 hours preceding the next photoperiod). The third group received 
no light-breaks. After the experimental treatment the plants were returned to long- 
day conditions for 2 weeks, when they were dissected for observations on flower 
initiation. The criterion for this species was the presence or absence of a terminal 
(male) inflorescence. Where present, the diameter of this inflorescence was measured. 


It was found that terminal inflorescences were present in all plants of the 
‘control’ series (no light-break) and also in plants receiving a light-break at 6 
hours from the end of the dark period. The plants of both groups were 
very uniform in their behaviour, the mean diameter of the terminal male 
inflorescences being 1.4 and 1.3 mm. respectively. In the plants receiving a 
light-break 6 hours after the commencement of the dark period, flowering 
was strongly inhibited, the shoot apex being entirely vegetative in 5 plants, 
while in the remaining 3 plants although no terminal inflorescence was 
present, there were certain changes in the general shape of the apical region 
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Table 3. Xanthium pennsylvanicum. (Experiment 7). Effect of light-breaks and low intensity 
supplementary illumination. (See Fig. 3 for treatments). 


Group | Mean diameter of terminal male inflorescence (mm.) 
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which seemed to indicate the intial stages in the development of a terminal 
inflorescence. 

Thus, in Xanthium a light-break is inhibitory given 6 hours following the 
main light period inhibits flowering, but when the light-break is given 6 
hours from the end of the dark period the inhibitory effect is slight or absent. 


Experiment 7. 


A further experiment was carried out with Xanthium, using 36-hour instead of 
48-hour cycles, as in Experiment 6. Sixty-three plants were divided into 7 equal 


12 24 
NS 
6 18 
> CS 
18 
à CS — | 
6 12 6 
à CC | | 
6 12 6 12 
s ZA EDS 
18 18 
6 SE 
12 12 


EEE 


Figure 3. Xanthium pennsylvanicum (Experiment 7). Effect of light-breaks and low intensity 
supplementary illumination. The figures above the white blocks represent here and in 
Figure 4 the number of hours of light in the main photoperiod in each cycle. The figures 
above the black block represent the number of hours of darkness in each cycle. Where 
the dark period is interrupted the light-break is indicated by a white strip. Low intensity 
supplementary illumination is shown by cross-hatching (/////). 
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Figure 4. Xanthium pennsylvanicum (Ex- 


periment 8). See legend to Figure 3. 


groups. All plants were first exposed to ’short-cycle’ treatment, and then received 
one of the cycles of treatment shown in Figure 3. In the case of Groups 1—4, a 
main photoperiod of 12 hours was used in conjunction with 24-hour dark periods, 
with light-breaks as indicated. Group 5 received 12 hours at the full light intensity, 
supplemented by 6 hours of low intensity illumination (100 lux, from 40-watt 
tungsten filament lamps), both preceding and following the main photoperiod. 
Groups 6 and 7 received 18 and 12 hours of light at the full intensity, with equal 
periods of darkness, respectively. After treatment the plants were returned to long- 
day conditions for 20 days and were then dissected and scored as in Experiment 6. 
The results are shown in Table 3. 


The effects of the light-breaks were essentially the same as in Expt. 6, viz. 
a light-break given 6 hours after the commencement of the dark period was 
found to be inhibitory, whereas a light-break 6 hours from the end of the 
dark period has no inhibitory effect. A striking feature of these results is 
that flowering was inhibited by light-breaks in Group 4, whereas 6 hours of 
low-intensity illumination preceding and following the main photo-period 
had no inhibitory effect. Similarly, an 18-hour photoperiod at the full inten- 
sity followed by 18 hours of dark, (Group 6), produced a strong flowering 
response, whereas a light-break 6 hours following a 12-hour photoperiod is 
highly inhibitory. These results provide strong evidence in support of the con- 


Table 4. Xanthium pennsylvanicum. (Experiment 8). Effect of light-break and low intensity 
supplementary illumination. (See Fig. 4. for treatments). 
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Group | Mean diameter of terminal male inflorescence | 
il 1.8 
2 0 
3 2.1 
4 Der | 
= | 
5 1.8 | 


THE 'LIGHT-BREAK EFFECT IN SHORT DAY PLANTS 167 


clusion that the inhibitory effect of a light-break given during the long hours 
of darkness is not explicable in terms of the ‘limiting photoperiod hypo- 
thesis’ in Xanthium. 


Experiment 8. 


In order to obtain further confirmation of the results of Experiment 7, 
a further experiment was carried out, as follows. Forty plants were divided 
into 5 equal groups and were subjected to ’short-cycle’ treatment. They were 
then exposed to one cycle of one of the treatments shown in Figure 4. he 
results (Table 4) agree with those of Experiment 7, viz. a light-break 6 
hours following the 6-hour main photoperiod is inhibitory, whereas 6 hours 
of low-intensity supplementary illumination following the photoperiod is not. 
These results are discussed below. 


Discussion 


The following facts would appear to have been established regarding the 
effects of light-breaks given during abnormally long dark periods: 


(1) A light-break given during the early part of a long dark period inhibits 
flowering in both Biloxi soybean and Xanthium, regardless of the dura- 
tion of the main photoperiod. 

(2) A light-break given towards the end of the dark period is inhibitory in 
Biloxi soybean, but in Xanthium this effect is slight or absent. The 
magnitude of the inhibitory effect in Biloxi soybean increases with the 
duration of the main light period. This inhibitory effect at the end of 
a long dark period occurs whether the light-break falls within a ‘scoto- 
phile’ phase or *photophile’ phase of the Binning theory. 

(3) Under certain conditions a light-break given in the middle of the dark 
period appears to have a stimulatory effect on flowering in Biloxi 


soybean. 


The main point at issue is whether these inhibitory effects be accounted 
for by an interaction between a light-break and the nearest main light-period, 
or in terms of an endogenous rhythm of ‘photophile’ and ’scotophile’ phases, 
as postulated in the Binning theory. 

Considering, first, the effect of a light-break given towards the end of a 
long dark period, there is strong evidence that in Biloxi soybean a light- 
break becomes inhibitory only when it occurs in fairly close proximity to the 
following main light period. This is shown by the fact that a light-break is 
inhibitory 6 hours from the end of the dark period, whether the total cycle 
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length is of 48-hours’ or 60-hours’ duration, whereas on the Bünning Theory 
the position of the "second scotophile phase’ is considered to depend upon an 
endogenous rhythm and set in ‘motion’ by the main photoperiod and the 
position of the inhibitory phase should not, therefore, vary with the length of 
the dark period. It is concluded, therefore, that the inhibition resulting from 
a light-break given towards the end of a long dark period in Biloxi soybean 
is not related to an endogenous rhythm as postulated by the Bunning theory, 
but arises from some interaction between the light-break and the following 
main light period. Now it is known that interruptions of the main photo- 
period by a period of darkness of several hours is not effective, i.e. interrup- 
tion of the photoperiod by a ’dark-break’ has little effect within certain 
limits, and the plant responds as if it had received continuous illumination 
throughout the period (Garner and Allard; 1920; Cailachjan and Rupcheva, 
1948). Thus, the situation when a light-break is given 3 hours preceding a 
main light period of, say 9 hours, would appear to be comparable to interrup- 
ting a total photoperiod of 12 hours by 3 hours of darkness, If this is so, then 
flowering will be inhibited because the total effective photoperiod (12 hours) 
exceeds the limiting value. On the other hand, when a light-break is given 
3 hours preceding a main light period of 6 hours, the effective total photo- 
period will apparently be 9 hours, and as this does not exceed the limiting 
value, flowering will occur. When light-breaks are given 6 hours preceding 
main light periods of 6 and 9 hours, the total effective photoperiods will be 
12 and 15 hours respectively, and flowering will be inhibited in both cases. 
The results of Experiments 1 and 2 may thus be interpreted on the hypothesis 
that the effects of a light-break and the main photoperiod are additive, when 
the interval between them is not too great. (In the experiments of Biinsow 
(loc. cit.) with Kalanchoe Blossfeldiana it was found that maximum inhibi- 
tion of flowering by a light-break preceding the photoperiod occurred when 
the interval between the two periods was 12 hours. The greater interval 
required in this case is probably related to the fact that the duration of the 
limiting photoperiod with long dark periods appears to be 15—16 hours in 
this species.) Confirmatory evidence for the ‘limiting photoperiod hypothesis’ 
is provided by the results of Experiment 6 with Xanthium, in which it was 
found that light breaks near the end og a 36-hour dark period have no appre- 
ciable inhibitory effect on flowering. This result agrees with the observation 
that there appears to be no sharply defined ‘limiting’ duration of photo- 
period in this species (Experiment 5) and hence Xanthium would be expected 
to differ from Biloxi soybean with respect to the effects of light-breaks at 
the end of the dark period. 


The ‘limiting photoperiod hypothesis’ may, at first sight, be applied also to 
explain the inhibitory effect of a light-break given in the early part of a 
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long dark period in Biloxi soybean, although differences in the duration of 
the preceding photoperiods have less effect than is the case with light-breaks 
given at the end of a dark period (Experiment 1). The absence of a clearly- 
defined limiting photoperiod in Xanthium, however, renders it difficult to 
explain, in terms of the ‘limiting photoperiod hypothesis’, the inhibition 
produced in this species by a light-break given 6 hours after the main light 
period. (Experiments 6 and 7). Moreover, in Experiment 8 it was found that 
extension of a 6-hour photoperiod by 6 hours of low-intensity supplementary 
illumination does not inhibit flowering, whereas a light-break given 6 hours 
after a 6-hour photoperiod is strongly inhibitory. This result would seem to 
indicate clearly that the mechanism of inhibition by a light-break during the 
early part of a long dark period cannot be explained solely in terms of the 
‘limiting photoperiod hypothesis’ (at least in Xanthium). The results with 
Xanthium suggest that certain flowering-promoting processes commence at 
the beginning of the dark period and that a light-break during the early part 
of the dark period nullifies the effects of these processes (p. 171). It would 
appear that in this species the dark processes remain inhibited during the 
main light period, but commence as soon as darkness is given, whatever the 
length of the preceding photoperiod. This conclusion conflicts with the Bun- 
ning Theory, according to which flowering is inhibited by the incidence of 
light during the scotophile phase, which depends upon an ‘endogenous 
rhythm’, and is not determined by the time at which the dark period com- 
mences. It must be concluded, therefore, that the mechanism of inhibition 
caused by a light-break during the early hours of darkness is, in certain 
respects, different from that which results from a light-break at the end of a 
long dark period in Biloxi soybean. This conclusion would seem to be 
plausible, having regard to the fact that conditions within the leaf immedia- 
tely following a period of high intensity illumination will be markedly diffe- 
rent from those prevailing at the end of a long period of darkness, It is 
well-known that flowering is promoted in short-day plants by a period of 
relatively high-intensity illumination preceding a dark period which exceeds 
the critical, and it has been postulated (Hamner, 1940; Gregory, 1948) that 
during the photoperiod a substance ’A’ is formed which leads to the produc- 
tion of a substance ’B’ in the following dark period. The level of ’A’ appears 
to fall within a few hours during the dark period so that the production of 
’B’ (which promotes flowering) must proceed most actively during the first 
hours of darkness. Thus, a light-break during the early part of a dark period 
occurs at a time when there is a relatively high level of ’B’ within the leaf, 
whereas at the end of a long dark period ’B’ must have become stabilised 
in some way, since it would otherwise be inactivated by the following photo- 


period, in a 24-hour cycle. (Gregory, loc. cit.) 
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The promotion of flowering in Biloxi soybean by a light-break given in 
the middle of a long dark period (Experiments 1 and 3) is of considerable 
interest and has been observed also in Perilla ocymoides (Carr 1952 a) and 
Xanthium pennsylvanicum (Carr 1953). 

In order to explain the ‘limiting photoperiod’ phenomenon, a general 
hypothesis was put forward by Wareing and Carr (loc. cit.) in which it 
was postulated that during the main photoperiod two reactions run con- 
currently viz.: 


(1) A primary photo-reaction of which the light requirements are relatively 
high, and which leads to the formation of the substance ’A’. 

(2) A secondary photo-reaction, with low light requirements, which leads to 
the formation of ’X’ from a substance ’S’, which is itself produced by a 
slow non-photochemical reaction. 


The following modification of the scheme put forward by Gregory (loc. 
cit.) for short-day plants was suggested: 


(CO, > AU > B 
(1) primary light reaction dark 
> — — > S > X 
(2) slow non-photochemical reaction secondary light reaction 


As a result of these two parallel reactions the levels of A and X are ata 
maximum at the end of the photoperiod. Provided the photoperiod is below 
the ‘limiting’ value substance B is formed from A during the dark period, 
and if the duration of the latter exceeds the critical, B will reach a certain 
threshold concentration necessary for flowering. The failure to flower when 
the photoperiod exceeds the limiting value, even when the duration of the 
dark period is greater than the critical, is held to be due to the fact that 
X is antagonistic to the formation of B, so that a high level of X present at 
the end of a long photoperiod prevents B from attaining the threshold con- 
centration necessary for flowering. 


The observation that, (in experiments involving long dark periods) a light break 
shortly preceding the main photoperiod inhibits flowering almost as effectively as a 
continuous photoperiod which exceeds the limiting value, can be explained by 
postulating that the substance S can accumulate up to a certain saturation level 
during darkness and is rapidly converted to X during a light-break. During the fol- 
lowing main light period there will be an initial rapid production of X from the 
small accumulation of S which occurs during the preceding short period of dark- 
ness and thereafter the production of X will be limited by the slow current produc- 
tion of S. On this basis, the total amount of X at the end of the main photoperiod 
will be the same, whether there has been a continuous long photoperiod or a light- 
break preceding a short photoperiod. 

If the X formed during a light-break preceding the main photoperiod is respon- 
sible for inhibiting the formation of B during the early part of the following dark 
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period, it is clear that X must be stable for a considerable period, and that the 
maximum interval over which interaction may occur between a light-break and 
the main photoperiod will depend partly upon the stability of X. 

It seems likely that the ‘secondary light-reaction’ also occurs in Xanthium, but 
that there is no ‘limiting’ duration of photoperiod in this species because X never 
attains a sufficiently high level to inhibit flowering, possibly due to the fact that 
it is unstable or is utilised at a high rate and hence cannot exceed a certain maxi- 
mum concentration even when the light period is prolonged. If this is so, then the 
inhibition of flowering in Xanthium by light-breaks given during the early part of 
a dark period may result from the fact that there is a further production of X at a 
time when it can be most effective in inhibiting the production of B. If, however, 
there is a sufficiently long period of darkness (ie. exceeding the ‘critical’ dark 
period) before the light-break, the level of B will attain the threshold concentration 
necessary for flowering. 

It should be noted that the results of the present experiments do not exclude the 
possibility that rhythmical variations in photoperiodic sensivity may be detected in 
some species e.g. Kalanchoe Blossfeldiana (Carr, 1952b) under certain conditions. 
It seems clear, however, that the light-break effects observed in the early part and 
towards the end of long dark periods are not primarily determined by an endogenous 
rhythm of photophile and scotophile phases of the type postulated in the Biinning 
Theory, and cannot, therefore, be cited as evidence in support of that theory. 


Summary 


1. The effects of light breaks given during very long dark periods were 
investigated in Biloxi soybean and Xanthium pennsylvanicum, in relation to 
various lengths of photoperiod and to total cycle-length. 

2, A light-break given during the early part of a long dark period inhibits 
flowering in both Biloxi soybean and Xanthium, regardless of the duration of 
the main photoperiod. 

3. A light-break given towards the end of the dark period is inhibitory 
in Biloxi soybean, but in Xanthium the effect is slight or absent. The magni- 
tude of the inhibitory effect in Biloxi soybean increases with the duration 
of the main light period. This inhibitory effect near the end of a long dark 
period occurs whether the light-break falls with a ’scotophile’ or a 'photo- 
phile’ phase of the Biinning theory. 

4. Under certain conditions a light-break given in the middle of the dark 
period appears to have a stimulatory effect on flowering in Biloxi soybean. 

5. It is concluded that the inhibition of flowering in Biloxi soybean by 
light-breaks given at the end of long dark periods is due to interaction bet- 
ween the light-break and the following photoperiod, to give an effective total 
light period which exceeds the ‘limiting’ value at which flowering can take 


place. 
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6. A general hypothesis is put forward, and it is postulated that during 
the main photperiod two photo-reactions occur concurrently, one of which 
has low light requirements and leads to the production of a flower-inhibiting 
substance. 
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1. Introduction 


Knudson (1915, 1916, 1917) found that D-galactose and D-mannose inhi- 
bited the growth of various plants (corn, wheat, pea and others) when added 
to nutrient solutions. The toxicity was overcome by addition of glucose or 
sucrose. Burström (1941, 1948) observed that D-galactose is toxic to excised 
wheat roots, whereas Wachtel (1943) showed that D-mannose is toxiczto 
Cardamine seedlings but found no effect of D-galactose. 

Relatively high concentrations were used in the investigations mentioned 
above and the effects on specified physiological processes were not studied. 
In experiments dealing with the ability of plant roots to utilize different 
carbohydrates the present author observed that D-mannose inhibited respira- 
tion and ion absorption also when given in rather low concentrations 
(10-*—10-? M) and that this toxicity is prevented by certain other sugars. 
Recently 2-desoxy-D-glucose was shown to inhibit growth and metabolism in 
yeast (Cramer and Woodward 1952, Woodward 1952) and through the 
courtesy of Dr. Cramer it was possible for me to test this compound also. 
It proved to be toxic as well as p-glucosamine, which is also toxic to yeast 
(Woodward and Hudson 1953), D-mannose is not toxic to yeast but is easily 
fermented. 

In this paper some preliminary experiments are presented. Further results 
will be published in a later paper, where also quantitative aspects are 


discussed. 
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Table 1. Effect of D-mannose and 2-desoxy-D-glucose upon chloride absorption in young 
wheat roots. The values give the chloride absorption in per cent of the control without 
any sugar added. Each value is the mean of determinations from at least two different 


flasks. For further details see below. 
er 
Concentration of sugar 


Sugar added 
10m | 3-10-1 M | 10-53 M | 3-10-3M | 10-2M 
| D-mannose ............ 91 | 60 | 24 7 2 
| 2-desoxy-D-glucose ... 99 81 | 51 | 37 13 


2. Effects upon chloride absorption 


Wheat seeds (variety Svalöfs Diamant II) were soaked for 20 hours in distilled 
water and germinated on moist filter papers for 65—70 hours at 20° C. The roots 
were cut down into 100 ml flasks with distilled water. The water was replaced by a 
chloride solution when the experiment was started. 103 N chloride (KCI and CaCl, 
in the molar proportion 19:1) with addition of phosphate buffer (KH,PO, and 
Na,HPO, in the molar proportion 1:1) to a total phosphate concentration of 
6:10? M was used in the experiments. Every flask contained about 130 roots 
30—40 mm long (dry matter content 40—50 mg) and 40 ml of the chloride solution. 
The pH remained between 6.3 and 7.0 during all the experiments. The solutions were 
acrated all the time and kept at 25° C. For the chloride determinations 5 ml samples 
.were titrated electrometrically at the beginning of the experiments and after 240 
minutes. In the controls about 3.5 u ions Cl were absorbed per hour and 100 mg 
dry matter. The effects upon chloride absorption were about the same in solutions 
without phosphate but these experiments suffered from a severe change of pH 
during the experiments. The question of the absorption of phosphate from the 
solutions will be dealt with in a later paper. 


In tables 1—4 is shown that D-mannose, 2-desoxy-D-glucose and D-glucosa- 
mine inhibit the absorption of chloride ions and that the toxic effects of all 
three substances are reversed by simultaneous addition of D-glucose or 
D-galactose. As mentioned above D-galactose is toxic to the growth of wheat 
roots but in spite of this fact it counteracts the inhibition of D-mannose 
upon ion absorption. The toxic effects of D-mannose and D-galactose are thus 
of a different type. D-glucose and D-galactose when given alone produce no 


Table 2. Reversal of mannose toxicity by glucose. Values presented as in table 1. 
— etz en 


Concentration of Concentration of D-mannose 
-gluc 
eu 0 3-10—4 M 10—3 M 3-10-3 M 10-2 M 
Re 100 49 23 6 5 
TOMATE RS 94 95 10 
Sel0zEM Te 103 61 21 6 
NOS SMa eee ee 93 105 88 38 21 
Sieh =e Tesco 96 83 41 
1022 Ser: 92 95 78 
3210222 eee 92 104 
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Table 3. Reversal of mannose toxicity by galactose and fructose. Values presented as in table 1. 


| Concentration Concentration of D-mannose, Concentration (Concentration of D-mannose 
| of D-galactose | 0 3-10—4 M| 10-3 M of D-fructose 10-2 M 
| | | 
| 0 | 100 49 24 0 97 
| 10-*M | 9 85 10-3 M 25 
3-10-4 M 95 36 3-10-3 M 97 
| 10-3 M | 109 | 9 | 67 10-2 M 40 
3-10— M | | | 93 
| 10-2 M 103 


positive effects upon chloride absorption in wheat roots under the experimental 
conditions used in this investigation (the divergencies from the control in table 
2 and 3 are not significant). D-mannose is more toxic than 2-desoxy-D-glucose 
and D-glucosamine. The inhibition caused by D-glucosamine is more easily 
reversed than that caused by 2-desoxy-D-glucose. 

The following sugars and sugar derivatives have been tested and show 
only small effects upon chloride absorption when given in a concentration of 
10-3 M: p-ribose, L-arabinose, D-arabinose, L-xylose, D-xylose, * D-lyxose, 
L-sorbose, D-fructose, L-fucose, L-rhamnose, sucrose, trehalose, cellobiose, 
maltose, melibiose, melezitose, raffinose, a-methyl-D-glucoside, B-methyl-D- 
glucoside, 6-methyl-D-galactoside, a-methyl-D-mannoside, mannitol, D-sorbitol, 


and dulcitol. 


I Il Ill IV V VI VII 
H-C-OH | H-C-OH H-C-OH H-C-OH | H.C-OH H-6-0 H-C-OH 
HO-C-H | H-C-H H-C-NH,  H-C-OH ER: | H-C-OH H-C-OH 
HO-C-H 0 HO.C-H O HO-C-H. © HO-C-H © HO-C-H 0 OHO-C-H HO-C-H 0 
H-C-OH | H-C-OH | H-C-0H | eae | HOCH HO-C-H  H-C-0H | 
we ng N BC | VHC". CS HCH HCH 
CH,OH CH,OH CH,OH CH,OH CHOH mn 
D-mannose 2-desoxy- D-glucos- D-glucose D-galactose L-arabinose  Db-xylose 
D-glucose amine 


Substances toxic to wheat roots 


H-C-OH | 
HO-C-H 
HO-C-H O 

H-C-OH 

H-C-H 


D-lyxose 


Substances reversing toxicity of D-mannose 


H-C-OH H-C-OCH, H-C-OCH, | CH,OH 
| | | 
HO-C-H H-C-OH HO-C-H f 10:08 
| | 
H-C:OH O HO-C-H O Fat O HO-C-H 
H-C:OH H-C-OH H-C:OH | H-C-OH 
| | 
H-C-H Isla, ——= BG) H-C-OH 
re | 
CH,OH CH,0H CH,OH 
D-arabinose a-methyl-D- a-methyl-p- mannitol 
glucoside mannoside 


Indifferent substances 
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Table 4. Reversal of 2-desoxy-D-glucose (2-DG) and D-glucosamine (GlAm) toxicity by 
p-glucose and D-galactose. Values presented as in table 1. 


Concentration of inhibitor | Concentration | Concentration of inhibitor 


Concentration i | Co | Fe 
of D-glucose [5 pg 10-3 M GlAm 10-3 Mj Of Pgalactose jo ng 10-3 M|GlAm 10-3 M 
0 44 38 27 0 44 35 38 
10—-4M | 69 62 3-10-+ M 56.69 
3.10-+ M 62 717 98 10-3 M 48 85 75 
=e 81 ' 100 98 3-103 M | 70 
3-10-3 Ms 100 | 93 10-2 M 95 | 


The following structural requirements seem to be necessary for the toxic 
effect (cp. structural formulae I-III): 


1. a molecule of six carbon atoms (D-lyxose, which has the same configu- 
ration as D-mannose at carbon atoms 1—4 is inactive). 

2. a reducing group at carbon atom 1 (mannitol and a-methylmannoside 
are inactive). 

3. no hydroxygroup at carbon atom 2 in the same position as in D-glucose. 


Nothing can be stated with respect to the configuration at carbon atoms 
3, 4, and 5 as no other sugars than those mentioned above have hitherto been 
available. The three toxic substances all have the same configuration as 
D-glucose at carbon atoms 3—5. 

All the substances mentioned in the list were also tested for antagonistic 
activity towards the mannose inhibition of the chloride absorption, They 
were given in a concentration of 10”? M together with 10°? M D-mannose. 
Only five monosaccharides caused any conspicuous reversal of mannose 
inhibition, namely D-glucose, D-galactose, D-xylose, L-arabinose and D-fruc- 
tose. The antagonistic activity decreased in the order given above from 
D-glucose to D-fructose, The slight effect of high concentrations of D-fructose 
may be due to transformation to D-glucose. Burström (1941) states that 
wheat roots cannot utilize fructose without transformation to glucose. Rever- 
sal is also obtained with disaccharides in which the reducing group of glucose 
is free or which give D-glucose after hydrolysis (e.g. sucrose which is easily 
hydrolyzed by wheat roots). It should be especially noted that D-arabinose, 
a- and B-methylglucoside, a-methylmannoside, and mannitol are inactive as 
antagonists. 

For an antagonistic activity the following structural requirements seem 
to be necessary (see structural formulae IV—VI]): 


1. a reducing group at carbon atom 1 (provided that fructose itself has no 
effect). 


2. D-glucose configuration at carbon atoms 2 and 3. 
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Fig. 1. The effect of D-mannose (3 mM and 10 mM) upon oxygen consumption in young 
wheat roots. Determinations made in a Warburg-Barcroft apparatus. The roots were placed 
either in 0.01 M phosphate buffer with 0.001 M CaCiz (B, pH 7) or in the same solution 
with 10 mM glucose (B+G). The values give the O2 consumption in control+mannose 
expressed as °/o of the consumption in the control. The initial rates were determined for 
two hours before the mannose was added and a correction is made for differences in the 
initial rates. Every value is the mean from 2—3 vessels with inhibitor and 3 vessels with 
control. 21 root tips (12 mm from roots 30—40 mm long) in each vessel. 


3. Effects upon oxygen consumption 


D-mannose, 2-desoxy-D-glucose and D-glucosamine all inhibit part of the 
oxygen consumption in wheat roots placed in phosphate buffer with CaCl, 
(see figures 1—4). If the buffer contains glucose or galactose the effect after 
addition of the inhibitors is much smaller or no effect is visible. As im thie 
experiments with chloride absorption the inhibition caused by glucosamine 
is more easily reversed than the 2-desoxyglucose inhibition and glucose is 
more effective as antagonist than galactose. 

p-mannose is also toxic to respiration in other plants. Roots of flax (see 
figure 5), corn, barley, rye, tomato, and Lepidium were tested and in all 
these roots inhibitions were obtained. 

The concentrations necessary for inhibition of oxygen consumption are 
larger than those causing inhibition of chloride absorption. The same has 
been observed for a number of other substances (e.g. auxines, methylene blue 
and 2,4-dinitrophenol, see Nance 1949, Stenlid 1950, Robertson, Wilkins and 
Weeks 1951). The overcoupling between respiration and ion absorption is 
obviously more easily attacked by inhibitors than the respiration per se. 


12 


= 


178 GÖRAN STENLID 


=f 

Oo 

X 

+ 

zZ 

à 10 mM IN B+G 
LL SOEmMEEINGEBEIEG 
O 

x 

7 

Z 

O 

O 60 120 180 240 
# TIME IN MINUTES 

O 


Fig. 2. The effect of D-glucosamine upon oxygen consumption in young wheat roots. 
Values presented as in fig. 1. Concentration of glucosamine 10 mM and 30 mM and of 
glucose 30 mM. 


Further experiments are needed to answer the question whether it is the 
anion respiration (see Lundegärdh 1940) that is inhibited by the three inhi- 
bitors mentioned in this paper. As the relative strength of the effects of the 
three substances is the same for oxygen consumption and ion absorption it 
seems probable, however, that it is the anion respiration that is inhibited. 
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Fig. 3. The effect of 2-desoxy-D-glucose upon oxygen consumption in young wheat roots. 
Values presented as in fig. 1. Concentration of 2-desoxy-D-glucose 10 mM and 30 mM, 
of glucose 30 mM. 
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Fig. 4. The effect of D-mannose, 2-desoxy-D-glucose and D-glucosamine upon oxygen con- 
sumption in young wheat roots in the presence of galactose. Values presented as in fig. 1. 
The buffer contains 30 mM D-galactose. Concentration of the inhibitors 10 mM. 
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Fig. 5. The effect of D-glucose, D-fructose, D-galactose and D-mannose upon oxygen con- 
sumption in young flax roots. Values presented as in fig. 1. 12 mm long tips from flax 
roots 25—30 mm long. Control: buffer solution without sugar. Concentration of sugars 30 mM. 
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4. Discussion 


At present it is not possible to give any explanation of the mannose 
toxicity. It is possible that it competes with D-glucose for some 
enzyme, e.g. some enzyme in the phosphorus metabolism as hexokinase or 
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phosphohexoisomerase. 2,4-dinitrophenol and methylene blue, which quite 
as mannose inhibit chloride absorption stronger than oxygen uptake, are 
known to interfere with phosphorus metabolism. It should be stressed, 
however, that mannose acts different from 2,4-dinitrophenol and methylene 
blue in two important respects. The inhibition caused by methylene blue is 
not reversed by glucose, and mannose causes no exudation of ultraviolet 
absorbing substances from the roots as does 2,4-dinitrophenol and methylene 
blue (unpublished experiments by the author). Mannose thus seems to act 
more mildly than 2,4-dinitrophenol and methylene blue. 


Summary 


D-mannose, 2-desoxy-D-glucose, and D-glucosamine inhibit chloride absorp- 
tion and oxygen uptake in excised wheat roots. The chloride absorption is 
inhibited by lower concentrations than oxygen uptake. The inhibition is 
reversed by D-glucose, D-galactose, D-xylose, L-arabinose, D-fructose, and 
also by some disaccharides. 

A number of other sugars, sugar alkohols and glycosides have been tested 
for their effects upon chloride absorption. None of them gave any conspi- 
cuous inhibition. 


This investigation was supported by »Statens Naturvetenskapliga Forskningsräd», 
Stockholm. I am very much indebted to Dr. F. B. Cramer, Biochemical Research 
Foundation, Delaware, who generously supplied me with 2-desoxy-D-glucose, and 
to Dr. Bengt Lindberg, Stockholm, who placed the methylglycosides and L-xylose at 
my disposal. 
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The synthesis of polyglucosides by extracts of Oscillatoria princeps from 
hexose monophosphate, has shown that the types of polyglucosides synthe- 
sized in each case, are the result of the activity of two enzymes (3). 
Phosphorylase is responsible for the formation of alpha 1:4 glucosidic 
linkages. This enzyme gives rise to the pseudoamylose structure or the unit 
chain of the polyglucoside. Branching enzyme is responsible for the synthesis 
of alpha 1:6 linkages and, hence, gives rise to the branched chains of the 
polyglucoside. In Oscillatoria princeps both enzymes act to produce a poly- 
glucoside of considerable branching (3, 4, 6). 

The type of polyglucoside produced is therefore an indication of the 
relative activities and mode of action of the two enzymes (4). Analysis of 
polyglucosides produced by wild-type and mutant cultures of Oscillatoria, 
by periodate oxidation methods, has resulted in information as to the rela- 
tive concentrations of these two enzymes in this alga (6). The concentrations 
of these two enzymes in wild-type Oscillatoria princeps has been shown to 
be about equal (6, 7). 

The actual mechanism involved in the synthesis of polyglucosides in 
Oscillatoria extracts from substrates of hexose monophosphate has not been 
elucidated. An attempt was made to gain further knowledge as to the 
kinetics involved. 

Separation of the phosphorylase from the branching enzyme did not meet 
with success. However, by ammonium sulfaté fractionation of the extract, 
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a fraction was obtained which, although it contained both enzymes, was 
relatively more concentrated than the extract. 


Methods 


Extracts were prepared from healthy cultures of wild-type Oscillatoria 
princeps as described previously (3). These extracts were then subjected to 
fractionation with ammonium sulfate so that the final concentration of the 
salt was 0.8 saturated at 0° Centigrade. The resulting precipitate was dis- 
solved in 0.1 saturated ammonium sulfate and the solution was acidified 
with 0.1 N acetic acid to a pH of 6.0. It was kept at 0° Centigrade for 
twenty minutes and then centrifuged at about 15,000 r.p.m. for fifteen 
minutes. The precipitate was redissolved in 0.1 saturated ammonium sulfate 
and neutralized to pH 7.0. The resulting solution was dialyzed in Visking 
against ice-cold running water for three hours. This solution was found to 
contain both enzymes in a high state of purity. It was used in the concentra- 
tion of 1 ml. to 10 ml. of the reaction mixture described previously (3). 

In all cases, the substrate consisted of the dipotassium salt of glucose-1- 
phosphate. All experiments were performed at a pH of 7.1 and a tempera- 
ture of 28° Centigrade. Previous experiments had shown that the pH opti- 
mum of this reaction was between 6.8 and 7.4 (8). 

Glucose was used to inhibit the reaction in concentrations of 0.02 Molar 
and 0.05 Molar. Phlorizin was used in a concentration of 0.002 Molar. 

In all cases, the progress of the reaction was measured by the amount of 
phosphorus liberated from the substrate and the quantity of polysaccharide 
formed (3). The type of polysaccharide resulting from the reaction was sub- 
jected to periodate oxidation to determine the degree of branching in the 
molecule (6). 


Results 


The classical formulation for enzyme kinetics is that of Michaelis and 
Menten (11). This is based on the assumption that an intermediate enzyme- 
substrate complex is formed: 


K, k 
E+S 2 ES—> E+ Products 


where the constant, K,, is the dissociation constant of the complex, ES. In 
terms of velocity, when enough substrate is present so that all of E is in 
the form of ES, this yields: 
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Figure 1. Reciprocal plot of velo- 
city | concentration of substrate 
x10-?. (See text for explanation 
of curves). 


The reciprocal of this, is: 
Uv= (1/ Voss) (Ke) (US) 1) Voss 


By plotting (1/v) against (1/S), a linear relationship is obtained with an 
intercept equal to 1/V max. The slope of the line will be (Ks/Vmax), and, hence, 
it is possible to calculate the K, of the reaction. 

A plot of the data obtained from these experiments is shown in Figure 1. 
It can be seen that the curves show an intercept of 1.410%. 

The Michaelis-Menten Constant or K, as calculated from the uninhibited 
reaction curve (Curve No. I of Figure 1) is 0.126 M. 

By the addition of glucose to the reaction mixture, in concentrations of 
0.02 Molar and 0.05 Molar, an inhibition of the reaction was effected. A plot 
of these two curves (Curves No. II and III, Figure 1), gives the same inter- 
cept as the uninhibited reaction curve, but the slopes are increased. 

Using the kinetics for an inhibited reaction as formulated by Lineweaver 
and Burk (10), the Michaelis-Menten equation becomes: 


1/v=1/Vmnax(Ks-+ Ks (1)/Ky) (1/S) +1/Vinax- 


From this, it is apparent that the slope of an inhibited curve will differ 
from that of an uninhibited one by the addition of the quantity, (K,;(1)/Ki). 
From this difference is calculated the constant for the dissociation of 
enzyme-inhibitor complex, or Ki. This constant is the same for both con- 
centrations of glucose, and is approximately 0.12 M. 

The fact that both inhibited and uninhibited reactions when plotted show 
the same intercept, indicates that the inhibition of the reaction by glucose 
is a competitive inhibition (10). The similarity in configuration between 
glucose and glucose-1-phosphate would presuppose such an inhibition. 
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It is possible to calculate the free energy of formation of the complex ES 
from the K,: 
AF,=RTInK 


This calculation works out to be approximately -1236 Calories per Mole for 
enzyme-substrate complex. 

Phlorizin, a known inhibitor of plant and animal phosphorylases (1, 2), 
results in a curve (No. IV of Figure 1) also with the same intercept. The 
inhibition of the reaction by phlorizin would appear to be competitive 
although it has been classed as a non-competitive inhibition (2). The K, 
of the reaction with 0.02 Molar phlorizin is 0.67 M, while the Ky; for the 
enzyme-phlorizin complex is of the order of 0.36 M. 


Discussion 


The Michaelis-Menten Constant obtained for the plot of these data is not 
the K, normally obtained for one enzyme. Two enzymes are involved in the 
formation of polyglucosides in this alga, so that the original equation must 
be revised in this light. The reaction then becomes: 

Ks 
(1) E,+E,+2S ZE,S+E,S 
where E, is phosphorylase, and E, is branching enzyme. The total K, then 
must be the result of the dissociation of two complexes, not one. Whereas 
the K, would normally be: 


(2) K,=k,/k,= (ES)/(E) (S), 
it now becomes: 
(3) K,= (ES) (E2S)/(E:) (Ea) (S)? 


In other words, the determination of a K, for the whole reaction, does not 
clearly indicate the kinetics of this reaction. The K, obtained indicates. 
actually, a relationship between the K’s of the reactions: 


K 
(4) E,+S<E,S 
and 

K 
(5) E,+S = E,S 


so that the K of reaction 4 would be: 
(6) K,= (E,S)/(E;) (S) 
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and the K of reaction 5 is: 
(7) K,= (EsS)/(E,) (S). 


The addition of equations 4 and 5 will give equation 1. The K, of equation 
1 is then the product of the K’s of equations 6 and 7. This can be seen in 
equation 3. 

Another two relationships must be investigated. The formulation of 
Lineweaver and Burk for an inhibited reaction, instead of reading: 


(8) E+IZEI 


must be revised in the light of the reaction with phlorizin to give: 

Ky 
(9) E,+S+I1 <= aE,S-+ (1—a)E,I 
because of the fact that the inhibition of the phosphorylase in the mixture 
is approximately 75 °/o as calculated from the data. It is assumed, of course, 
that branching enzyme or E, is not inhibited by phlorizin (1). Therefore, if 
the quantity of phosphorylase in combination with the phlorizin (Eıl) is 
(1—a), then the quantity remaining to form E,S must be »a». 


A kinetic analysis of this situation gives the following relationships from 
equation 9: 


(10) Ky= (E,S)*(E,1)*~#/(E,) (S) (1) 


In the actual reaction, where both phosphorylase and branching enzyme 
are present together, the reaction would be: 


Ky, 
(11) E, SE, +1428 2 akjS+ (1—a\E,1-E.s 


and the K of the reaction would be: 
(12) Ki1 = (E,S)*(E,I)*~3(E,S)/(E,) (Eq) (S)?(I). 
But, upon analysis, it can be seen that K,, is a combination of the Ki of 


equation 10 and the K, of equation 7. 


Summarizing, the relationships established by this kinetic analysis are 
as follows: 


(13) K=R 
and: 
(14) Ki:—-Ki<R, 


It would thus, seem possible to evaluate K, and K,. 
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Since K, is known, as calculated, from the uninhibited reaction curve to be 
0.126 M, we may substitute this value in equation 13. K was likewise cal- 
culated from the curve with phlorizin to be 0.36 M. This may be substituted 
in equation 14. The evaluation of K,, must necessarily be from the phlorizin 
inhibited curve. This must be the slope of the curve multiplied by the 
maximum velocity, or 0.67. This value is the same as if the curve were the 
result of an uninhibited reaction and the K, of the reaction were calculated. 
Therefore, substitution of this value of K,, in the equation 14, allows the 
equation to be solved for K, or the K, of branchmg enzyme. This is: 


(15) K;=K,,/Kı=0.67/0.36=1.58M. 


A substitution of this value of K, in equation 13, allows K, to be evaluated 
as 0.08 M. This is the value of the K, for phosphorylase. 

Thus, the K, of phosphorylase is less than that for branching enzyme in 
Oscillatoria extracts. If the concentrations of phosphorylase and branching 
enzyme are approximately the same as has been shown by E.A.V. determi- 
nations (6, 7), then the K, of branching enzyme is about twenty times greater 
than that of phosphorylase in Oscillatoria. This means that the affinity of 
branching enzyme for hexose monophosphate is about twenty times less 
than that of phosphorylase. 

It had been previously postulated that the K, of phosphorylase would be 
greater than that for branching enzyme (13). This does not seem to hold 
true in Oscillatoria, where the relative concentrations of the two enzymes 
appears to be about the same, but where branching enzyme has a much lesser 
affinity for the substrate than phosphorylase. 

The free energy of formation of the complex was calculated to be about 
-1236 Cal./Mole. But actually, this calculation must express the formation 
of both complexes with glucose-1-phosphate. If the observations of Nussen- 
baum and Hassid for Q enzyme of potatoes (12) may be extended to the 
branching enzyme of this alga, then it is necessary, before the Q enzyme 
can commence its action, to have a 1:4 chain of pseudoamylose of over 
42 glucose units built up. Actually then, the free energy of formation cal- 
culated must be from the point at which this pseudoamylose has been built 
up to 42 units by the phosphorylase to the first addition of a molecule of 
substrate in the 1:6 position by the branching enzyme. It should then 
become possible to evaluate a separate free energy of formation for both 
phosphorylase-glucose-1-phosphate complex, and one for branching enzyme- 
pseudoamylose-glucose-1-phosphate complex. If this were actually to be the 
case, then although branching enzyme has a greater K, than phosphorylase, 
it would be limited in its activity until a pseudoamylose chain has been built 
up by the phosphorylase which it can utilize as an associate substrate. 
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This would indicate that there must exist two active spots on the 
branching enzyme molecule, one of which will activate the pseudoamylose 
at the 42 glucose residue locus, and the other which would activate a mole- 
cule of hexose monophosphate, However, the overall free energy of forma- 
tion, although its constituents are unknown in their interaction, is -1236 
for the combination of complexes. This compares favorably with that 
obtained by Kiessling for the formation of polysaccharide in yeast extracts 
(9). 

The situation of producing a polyglucoside from glucose-1-phosphate by 
the interaction of these two enzymes then becomes quite complex. Any 
kinetic analysis will be but an approximation. 


Conclusions 


1. Reaction kinetics when applied to the mixture of phosphorylase and 
branching enzyme in extracts of Oscillatoria princeps, must be modified to 
take into consideration the simultaneous action of both enzymes. 

2. The Michaelis-Menten Constants of phosphorylase and branching en- 
zyme are different. The K, of branching enzyme is greater than that of 
phosphorylase. 

3. The synthesis of branched polyglucosides is discussed in the light of 
this information and other complexities of the mechanism are postulated. 


The author wishes to express his gratitude to Edward Kisbany and Francis J. 
Mulligan, Jr., Chemists at the Treasury Labs. for their assistance in establishing the 
basic kinetics of the reactions described. 
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Experimental data obtained by Rosene and Walthall (10) in a study on 
water absorption by individual root hairs of different species suggested that 
there was a difference in the absorptive capacity of young and old hairs. In 
a subsequent study on the root hairs of radish seedlings (9), measurements 
of water influx were made on two hairs of different length and age on a 
given root. The results demonstrated that water entry slows down in older 
radish hairs as they increase in length. The present work on root hairs of 
wheat (Triticum aestivum) supplies confirmatory data on the slowing down 
of water entry with ageing of the hair and calls attention to the possible 
significance of rapid water entry into young hairs. 


Method 


The procedure and equipment for making measurements have been described 
previously (8, 9, 10). In the present work an air-conditioned basement room (tem- 
perature 24° C.) was used. The wheat seeds were soaked 24 hours in distilled water, 
placed for germination on moist filter paper in petri dishes in the dark for 24 hours, 
then transferred in the evening to the experimental chamber for use the next 
morning. Micropotometers filled with aerated Hoagland solution at a pH of 6 were also 
placed inside the experimental chamber in the evening. During the night vigorous 
and uniform growth of hairs occurred. Measurements were made on a pair of 
hairs on each seedling. The younger, shorter hairs which were selected in the mor- 
ning were between 0.36 mm. and 0.62 mm. in length and located between 4 and 
7 mm. above the root apex. The older, longer hairs, selected in the afternoon, were 
between 1.22 mm. and 1.59 mm. in length and located from 11 to 16 mm. above each 
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previously selected younger hair on the same root. It was convenient to study water 
absorption by a younger and an older hair consecutively rather than simultaneously. 
To reduce the variables as much as possible equivalent areas (in magnitude) of the sur- 
face of both younger and older hairs were inserted into the micropotometers. Although 
the immersed areas were equal in magnitude on both younger and older hairs, the 
immersed region included practically the entire length of the younger hair as 
compared to only the distal end of the older hair. The area of immersion was 
13200212 


Results and Discussion 


Typical data from 10 pairs of hairs, each pair including a younger root 
hair and an older root hair of the same seedling, are shown in Figure 1. 
The length of each hair in millimeters is given below the base of the 
corresponding hair. The average rate of water absorption per square micron 
of immersed hair surface per minute for each hair is represented by the 
length of each bar. Measurements were made over periods ranging from 90 
to 250 minutes. Comparison of the lengths of the bars of each pair of hairs 
demonstrates that the velocity of water influx into the younger root hair was 
consistently greater than that of the older root hair on the same seedling. 
Figure 1 demonstrates also that there were individual differences in absorp- 
tion velocities of different younger hairs and of different older hairs. 

With respect to distal and proximal regions of individual hairs of variable 
length, different axial regions of younger and older hairs were immersed in 
the micropotometers even though the absorbing areas of the hairs were equal 
in magnitude. A given length along a younger shorter hair represented a 
greater proportion of its total length than the equivalent length of an older, 
longer hair. This is an important consideration because Rosene (8) found 
that in radish hairs the velocity of influx was highest at the distal end of 
the hair. When, therefore, an entire root hair is absorbing water, a lower 
average velocity of absorption of the immersed area would be expected than 
when just the distal tip of the hair was absorbing water. Since im the 
present experiments, a greater proportion of the total length of a younger 
hair was immersed as compared to the total length of an older hair, it 
might be expected that a relatively lower average velocity of water influx 
would be observed in the younger hair. Quite the opposite was found. All 
other things being equal, therefore, the difference between the velocities of 
absorption of immersed areas of the same magnitude in comparatively 
younger and older hairs was evidently a function of ageing. In general, the 
younger hairs (mean length, 0.45 mm.), which were about 1/3 as long as 
the older hairs (mean length 1.43 mm.) absorbed water twice as 
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Figure 1. Velocity of water influx into a pair of root hairs of different age and different 
length on each of 10 wheat seedlings grown in a humid atmosphere. 


fast as the older hairs. The average velocity of absorption of the younger 
hairs was 2.32 u/u?/min. as compared to 1.20 u/u?/min. for the older 
hairs under the experimental conditions used. The range of the velocities 
of influx of water through immersed surface of the younger hairs which 
varied in length from 0.36 to 0.62 mm. was 3.30 to 1.55 w’/u?/min. The 
range of the velocities of water through immersed surface of the older hairs 
which varied in length from, 1.22 to 1.59 mm. was 1.58 to 0.62 w/u?/min. 
These ranges are comparable to those found for radish root hairs (9), viz., 
4.46 to 1.16 w?/u?/min. for younger hairs 0.28 to 0.46 mm. in length; and 
1.94 to 0.47 u?/u?/min. for longer hairs, 0.66 to 2.30 mm. in length. 


Further study is needed to determine the factors which might account 
for the lower velocities of water influx found in the older hairs. Cormack (1) 
stated that in the mature full-grown hair, the cellulose layer is thicker and 
less easily hydrolyzed by acid, and the whole surface of the hair including 
the tip is covered by a layer of calcium pectate of the firmer type. Perhaps 
specific morphological alterations of the hair play an important role. Rosene 
(7) showed that the speed of water influx into the hairless epidermal cells 
of roots of onion slows down with ageing (see also 5 on corn). In general, 
comparatively higher rates of water influx into the hairless epidermal sur- 
face of onion occur within 100 mm. of the root apex. And it is within this 
region — where xylem elements differentiate and become functional — that 
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root hair development is at a maximum, Older root hairs in the more 
proximal regions of a growing root usually collapse and slough off. Hence, 
a question may be raised as to whether or not the hairs collapse and slough 
off because they cease to be functional as absorbing organs. And no defini- 
tive data are available which might show a relation between absorptive 
activity of a root hair, its length, and the diameter of the opening between 
the hair and the rest of the cell. On the one hand, if the opening serves as 
a bottleneck, then at some given hair length, a maximal speed of influx 
would be reached or the hair would swell, other factors being equal. No 
swelling was observed in any of the experiments. On the other hand, if, 
with ageing, morphogenetic factors reduce the penetrability of the hair walls, 
or if morphogenetic changes within the root axis reduce lateral flow, then 
a slowing down of water influx into the hair would be expected. If mass flow 
of water occurs through the fabric of cell walls then again, morphogenetic 
changes of cell walls with ageing would change water influx velocities. Bul 
perhaps alteratiorfs in metabolism (and hence in metabolic driving forces) 
play a role in the reduction of water influx with ageing. Comparative 
quantitative data on water influx into the cell surfaces of other types of 
individual cells are rare. Goldforb (4) observed that not less but more water 
entered ageing Arbacia eggs. His experiments indicated that the driving 
forces for influx of water change with ageing. 

It would seem that the comparatively more rapid speed of influx into the 
younger hairs would play an important role in the water balance of some 
plants in relation to daily or seasonal new root and root hair development, 
especially in small grain crops and in field grasses which have extensive 
root system with numerous hairs (2, 3, 6). For rapid water influx into 
numerous young hairs of growing root tips extending into new zones of 
available water might supply sufficient water for the growing transpiring 
plant. That this is indeed a possibility is indicated by unpublished data on 
rye obtained in this laboratory. 

In a previous study (10) which included wheat, the mean velocity of 
absorption of hairs of variable length (.51 to 1.16 mm.) and at variable 
temperatures (21°—28° C.) was 0.5 u3/u2/min. as compared to the mean 
velocity of 1.76 u3/u2/min, found for wheat in the present study. At the 
higher temperatures in the earlier study, a loss of water from the root hair 
was sometimes observed. The difference in mean rates of the two sets of 
experiments might be due to differences under which the experiments were 
run or to differences characteristic of the seedlings per se. 
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Summary 


Data was obtained on the velocities of water influx into wheat (Triticum 
aestivum) root hairs in cubic micra per square micron of immersed hair 
surface per minute. The area of immersion in Hoagland solution, adjusted 
to pH 6 at 24° C., was 13,200 u?. Each experiment included measurements 
on a younger, shorter hair and an older, longer hair of the same seedling in 
a humid atmosphere. In general, the younger hairs, which were about 2a 
as long as the older hairs studied, absorbed water twice as fast as the older 
hairs. The range of the velocities of influx of water through immersed sur- 
face of the younger hairs which varied in length from 0.36 to 0.62 mm. was 
3.30 to 1.55 w’/u?/min. The range of the velocities of water influx into the 
immersed surface of the older hairs which varied in length from 1.22 to 
1.59 mm. was 1.58 to 0.62 u?/u?/min. The mean velocity of influx for all the 
experiments was 1.76 u°/u?/min. The difference between the velocities of 
absorption of immersed hair surface of the same magnitude in compara- 
tively younger shorter hairs and older longer hairs is evidently a function 


of ageing. 
This work was supported by a grant from the Research Institute of The University 
of Texas. 
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1. Einleitung 


Nachdem der enge Zusammenhang zwischen der endogenen Tagesrhyth- 
mik und den photoperiodischen Reaktionen (speziell den Beeinflussungen 
der Blütenbildung) gezeigt worden ist (vgl. die Literaturhinweise bei Bün- 
ning, Bünsow, Carr, Melchers), und ausserdem ermittelt wurde, dass selbst 
an Gewebekulturen von Pflanzen endogen-tagesperiodische Vorgänge ab- 
laufen können (Enderle), lag die Vermutung nahe, dass an Gewebekulturen 
auch noch photoperiodische Reaktionen eintreten können. 

Photoperiodische Reaktionen zeigen sich bekanntlich nicht nur bei der 
Beeinflussung der Blütenbildung, sondern auch bei vielen Teilvorgängen der 
vegetativen Entwicklung. Wir beschränkten uns bei unseren Untersuchungen 
auf die Messung eines dieser Vorgänge, nämlich auf die Registrierung des 
Wachstumsverlaufs. Unsere Versuche sollen also nur die Frage beantworten, 
ob sich das Wachstum von Gewebekulturen photoperiodisch beeinflussen 
lässt. 


2. Methodik 


Die Gewebekulturen wurden wie bei den Untersuchungen Enderles aus 
Gewebe von Karotten (Daucus Carota) angelegt. Verwendet wurde nur der 
obere Teil der Karotten, in dem der Zentralzylinder ergrünt war. Solche 
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Tabelle 1. Wachstum von Gewebekulturen unter verschiedenen Licht-Dunkel-Rhythmen. 
Angegeben sind die nach 35 Tagen erreichten Zuwachswerte. 


a ———————————————————————————————— 


Licht-Dunkel-Rhythmus (Dunkel- | Anzahl der gemessenen Erreichter Zuwachs, 
zeiten kursiv), Std. | Kulturen | Prozent 
1826 | 25 | 221 + 2,3 
10:14 | 20 97 + 2,0 
8:16 | 10 | 163 + 1,3 
6:18 | 10 124 + 1,9 
4 : 20 | 10 94 + 1,8 


Teile bildeten am schnellsten einen Kallus, der das Ausgangsmaterial für die 
Kulturen darstellte. 


Als Kulturgefässe dienten Reagenzgläser aus Jenaer Glas mit einer Öffnungsweite 
von 18—24 mm. Die Gläser wurden mit Zellstoffwattepfropfen verschlossen. Der 
pH-Wert des Nährsubstrats betrug nach der ersten Sterilisation etwa 5,5. Er wurde 
durch Zusatz von Natriumbicarbonat auf 6,0 erhöht; während der beiden noch 
folgenden Sterilisationen änderte er sich nicht mehr. 

Die Kulturen wurden in einem Konstanzraum (23°) aufgestellt. Als Lichtquelle 
dienten 15 horizontal angebrachte Osram-Leuchtstofflampen HNT zu je 25 Watt. 
Der Abstand, der Lampen von den Kulturgläsern betrug 50 cm; ein Luxmeter zeigte 
dort den Wert von 1500 Lux an. Die jeweils gewünschte Tageslänge wurde durch 
vorübergehende Verdunkelung mit Dunkelstürzen erreicht. Bei einigen Versuchen 
standen die Kulturen an einem dunkleren Platz des gleichen Raumes; das Luxmeter 
zeigte dort 50 Lux an. 

Zur Messung des Zuwachses wurden mittlere Länge, Breite und Höhe der Gewebe- 
stückchen 7, 14, 21, 28 und 36 Tage nach Anlage der eigentlichen Gewebekultur 
gemessen und daraus die Volumina ermittelt. 

Bei den Versuchen verhielten sich die Gewebe unter den jeweiligen Versuchs- 
bedingungen unabhängig davon, ob es sich um solche nach der ersten Übertragung 


handelte oder ob bereits zum zweiten oder dritten Male übertragene Gewebe benutzt 
wurden. 


3. Die Versuche 


a) Wachstum unter Kurztags- und unter Langtagsbedingungen 


Verschiedene Serien von Gewebekulturen wuchsen unter folgenden Lang- 
lags- bzw. Kurztagsbedingungen heran (Dunkelperiode jeweils kursiv): 
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geslänge (Abszisse) und dem inner- 2 
halb von 35 Tagen erreichten Zuwachs 6 100 
der Gewebekulturen. Man erkennt die = 
Förderung des Zuwachses im Lang- = 
= x 50 


tag. Ausserdem besteht anscheinend 
ein niedrigeres Optimum auch bei 
einer Tageslange von etwa 8—10 Std. 


4 8 12 16 20 Stan. 
tagliche Lichtperiode 


Die Ergebnisse sind in Tabelle 1 zusammengefasst. Wir begnügen uns 
dabei mit den nach 35 Tagen erreichten Endwerten. 

Die mitgeteilten Ergebnisse zeigen, dass das Wachstum unter Langtag- 
bedingungen am besten ist. Überraschenderweise wird aber schon bei einer 
Tageslänge von 10 Std. ein Minimum erreicht, und der 8- sowie der 6-Stun- 
den-Tag ermöglichen wieder ein besseres Wachstum als der 10-Std.-Tag. 
Gerade dieser eigentümliche Verlauf der Beziehung zwischen Tageslänge und 
Zuwachs, der in Abb. 1 noch einmal kurvenmässig dargestellt ist, spricht 
dafür, dass wirklich photoperiodische Reaktionen vorliegen und nicht ein- 
fach eine Abhängigkeit des Zuwachses von der täglich gebotenen Lichtmenge. 

Die Bedenken, die gegen diese Schlussfolgerung vielleicht noch erhoben 
werden können, lassen sich durch die weiteren, nunmehr zu beschreibenden 


Versuchsreihen beheben. 


b) Versuche mit aufgeteilten Lichtperioden 


Wenn die gefundenen Beziehungen wirklich photoperiodische Reaktionen 
sind, müsste, wie es für diese charakteristisch ist, zu erwarten sein, dass eine 
aufgeteilte Lichtperiode auch bei einer niedrigen Anzahl von Lichtstunden 
u.U. ebenso wirkt wie ein Langtag. Bei der meist untersuchten photoperio- 
dischen Reaktion, also der Beeinflussung der Blütenbildung, gilt diese Regel. 
Sie beruht bekanntlich darauf, dass für die Reaktion auf Licht entscheidend 
ist, in welcher Phase der endogenen Tagesrhythmik die Pflanze sich im Zeit- 
punkt der Darbietung des Lichts befindet. 
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Tabelle 2. Wachstum von Gewebekulturen unter verschiedenen Kurztagsbedingungen. 
Dunkelperioden durch 2-stündige Lichtperioden unterbrochen. Angegeben sind die nach 
35 Tagen erreichten Werte. 


ren 


Ba Lage (Tageszeit) der beiden Lichtperioden | Anzahl der Erreichter 
is a re Zur, u V h Zuwachs, Prozent 
Hauptlichtperiode Nebenlichtperiode RS 
| | | 
| 210 | 16—18 25 | 218 + 2,2 
2—- 8 | 16—18 20 | 181 + 2,2 
2— 6 16—18 20 156 + 1,7 


Es wurden folgende Serien angesetzt: 


1. Licht von 2—10 und von 16—18" (also 8 : 16-Std.-Tag mit einer 2-stün- 

digen Unterbrechung der Dunkelperiode in deren Mitte). 

Licht von 2—8 und von 16—18" (also 6 : 18-Std.-Tag mit einer 2-stiin- 

digen Unterbrechung der Dunkelperiode). 

3. Licht von 2—6 und von 16—18" (also 4 : 20-Std.-Tag mit einer 2-stün- 
digen Unterbrechung der Dunkelperiode). 


i) 


Die Resultate sind in Tabelle 2 zusammengefasst. 

Diese Versuchsreihen zeigen deutlich, dass eine Unterbrechung der Dun- 
kelperioden das Wachstum verstärkt und auf die für Langtagsbedingungen 
charakteristischen Werte bringt. Damit wird eindeutig erwiesen, dass wirk- 
lich photoperiodische Reaktionen vorliegen. 


c) Versuche bei verminderter Lichtintensität 


Noch auf einem anderen Wege lässt sich bestätigen, dass der unterschied- 
liche Zuwachs unter Kurztags- und Langtagsbedingungen nicht eine Funk- 
tion der Lichtmengen, sondern der Tageslängen ist, nämlich dadurch, dass 
das Wachstum bei der auf 50 Lux verminderten Lichtintensität (vgl. Ein- 
leitung) bei gleichen Tageslängen noch ebenso verläuft wie bei der hohen 
Lichtintensität. Tabelle 3 zeigt, dass das Wachstum zwar geringer ist als 


Tabelle 3. Wachstum von Gewebekulturen unter Kurztags- und unter Langtagsbedingungen 

bei verminderter Lichtintensität. Das Luxmeter zeigte bei diesen Versuchen 50 Lux an (bei 

den in Tabelle 1 aufgeführten 1500 Lux). Angegeben sind wieder die nach 35 Tagen 
erreichten Anwachswerte. 


ee nn mm m — m — 


Licht-Dunkel-Rythmus (Dunkelzeiten, Anzahl der gemessenen Erreichter Zuwachs, | 
kursiv), Std. Kulturen Prozent | 


| 13 6 | 20 169 + | 
| 10 : 14 | 20 | 735 | 
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bei der hohen Lichtintensität, aber, wie der Vergleich mit Tabelle 1 zeigt, 
die Abschwächung der Lichtintensität um mehr als 95 °/o unter Langtags- 
bedingungen immer noch höhere Zuwachswerte ergibt als die für den Kurz- 
tag mit hoher Lichtintensität charakteristischen. 


4. Besprechung der Ergebnisse 


Die Versuche zeigen deutlich den photoperiodischen Charakter der Wachs- 
tumsbeeinflussung bei den Gewebekulturen. Es wird zugleich das periodische 
Ablösen von 2 Phasen erkennbar, in denen die Gewebe auf Licht mindestens 
quantitativ unterschiedlich ansprechen. Nach den Untersuchungen über die 
photoperiodische Beeinflussung der Blütenbildung sind wir gewohnt, von 
einer photophilen und einer skotophilen Phase zu sprechen. Eine Identifizie- 
rung einer der beiden bei unseren Versuchen über die Beeinflussung des Zu- 
wachses gefundenen Phasen mit jener skotophilen oder photophilen Phase 
ist natürlich nicht ohne weiteres möglich. Aber indirekt gibt es doch einen 
Weg zur Entscheidung. Daucus Carota ist eine Langtagpflanze. Wir dürfen 
also das Maximum der in Bezug auf die Blütenbildung photophilen Phase 
zwischen 12 und 14 Std. nach Beginn -der täglichen Lichtperiode erwarten. 
Das ist aber die Phase, in der Licht nach unseren jetzigen Versuchen den 
Zuwachs der Gewebe am meisten stimuliert, also die Phase, die auch in 
Bezug auf den Zuwachs photophil ist. Es ist übrigens zugleich die Phase, in 
der die Wachstumsgeschwindigkeit nach den Versuchen Enderles ihr Maxi- 
mum erreicht. Die Beobachtungen könnten die Vermutung aufkommen 
lassen, dass es neben diesem Hauptmaximum der photophilen Phase ein 
Nebenmaximum gibt; denn die in Tabelle 1 zusammengefassten Ergebnisse 
zeigen, dass im 8-stündigen und auch im 6-stündigen Kurztag ein stärkerer 
Zuwachs eintritt als im 10-stündigen. Man könnte daher vermuten, dass etwa 
6—8 Std. nach Lichtbeginn auch ein photophiler Zustand herrscht, und 
dieser dann vor der Erreichung des genannten Hauptmaximums zunächst 
wieder abklingt. Ein solches Verhalten wäre nicht ungewöhnlich; denn wir 
wissen, dass bei vielen Langtagpflanzen eine derartige Verdoppelung der 
photophilen Phase eintritt (vgl. Bünning und Kemmler). Und schliesslich 
würde auch dieses Verhalten seine Parallele in den Ergebnissen der Wachs- 
tumsmessungen Enderles finden; denn dabei zeigte sich ein geringes Neben- 
maximum der Wachstumsgeschwindigkeit etwa um die gleiche Zeit inner- 
halb der Licht-Dunkelrhythmen. 

Aus dieser Möglichkeit photoperiodischer Reaktionen. an Gewebekulturen 
geht hervor, dass solche Reaktionen nicht an die normalen korrelativen Be- 
ziehungen in einer beblätterten Pflanze gebunden sind. 
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Diese Schlussfolgerung widerspricht selbstverständlich nicht dem kürzlich 
von Carr (1953) erzielten Ergebnis, dass für die Stabilisierung der photo- 
periodischen Induktion die Gegenwart der Sprossscheitel notwendig ist. 
Einmal ist ja die Induktion von der Stabilisierung zu unterscheiden. und 
ausserdem ist es auch durchaus möglich, dass etwa für die photoperiodische 
Induktion der Blütenbildung im Gegensatz zur photoperiodischen Wachs- 
tumsbeeinflussung kompliziertere Korrelationen hinzukommen müssen. 


Zusammenfassung der Ergebnisse 


In Reagenzgläsern kultivierte Gewebe von Daucus Carota wuchsen unter 
Langtagsbedingungen stärker als unter Kurztagsbedingungen. Die Wachs- 
tumsdifferenz ist im wesentlichen nicht durch unterschiedliche Lichtmengen 
bedingt, sondern als photoperiodische Reaktion anzusehen. Der photoperio- 
dische Charakter ergibt sich aus der Tatsache, dass ebenso wie bei einer 
photoperiodischen Beeinflussung der Blütenbildung unter Kurztagsbedin- 
gungen ein annähernd gleiches Verhalten wie unter Langtagsbedingungen 
erreicht werden kann, sofern die Dunkelperiode durch eine kurze Licht- 
periode unterbrochen wird. Beweisend ist ausserdem die Tatsache, dass bei 
stark abgeschwächter Lichtintensität unter Langtagsbedingungen noch ein 
stärkeres Wachstum erreicht wird als bei hoher Lichtintensität unter Kurz- 
tagsbedingungen. 


Die Phase, in der Licht das Wachstum stark fördert, ist anscheinend mit 
der Phase identisch, in der die Gewebekulturen ihr endogenes Wachstums- 
maximum zeigen. Neben dem Hauptmaximum dieser photophilen Phase 
besteht offenbar Ähnlich wie bei einigen anderen Langtagpflanzen ein in der 
täglichen Lichtperiode erreichtes Nebenmaximum. 


Der Deutschen Forschungsgemeinschaft danken wir für die Unterstützung bei 
diesen Untersuchungen. 
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The rapid expansion in surface area of enlarging plant cells requires 
unique properties of the primary cell wall. The rigid cellulose layers of the 
secondary wall have been well studied, but the true nature of the primary 
wall is still unknown. Frey-Wyssling (3, 4) proposed a »scattered texture» 
of submicroscopic cellulose strands in primary walls which may be loosened 
or cut to permit growth by intus-susception. Frey-Wyssling and Stecher (5) 
found that intensive local plasm growth pushed aside the existing micro- 
fibrils in the walls of an expanding cell, leaving spaces which would presum- 
ably be filled by newly synthesized cellulose micro-fibrils — this was termed 
»mosaic growth». Kerr (8) proposed that the properties of the primary wall 
could be explained if the pectic substances were the continuous phase of the 
wall, since the pectic substances are easily hydrolyzable and may undergo 
changes in hydration with changing conditions. The cellulose fibrils might 
then serve only as structural reinforcement, being present only as a dis- 
continuous phase. In root hairs growth is localized mainly in the apex, in 
which region pectic substances rather than cellulose predominate. In his 
extensive review of root hair growth, Ekdahl (2) postulates on the basis of 
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available evidence that pectic substances are highly important to the elonga- 
tion of root hairs, and that the pectic enzymes play an important role in the 
continuous loosening of the growing portion of the root hair wall. The 
prominence of concepts of cell wall structure and growth based on cellulose 
as the critical component may be due in large part to the lack of knowledge 
of the properties of the other primary wall constituents as compared with 
the much more exact information on cellulose. Kertesz (9) says, »It must 
be concluded, therefore, that the origin and the fate of pectic substances in 
plant tissues are unknown at present.» Hirst (6) states that the structures 
of galactans differ fundamentally from those of gums and polyuronides 
based on D-galacturonic acid, and the latter are so far removed structurally 
from the arabans and L. arabinose residues in gums that it is necessary to 
regard each polysaccharide as being built up unit by unit by its own enzyme 
system. Kizel and Yatsyna (10) reported the conversion of alcohol soluble 
uronides into alcohol and water insoluble pectic substances in the rapidly 
growing sugar beet, while Kostrubin (11) found the same transformation 
occurring in maturing flax. The latter attempted but was unable to identify 
the alcohol soluble uronide. 

The present study of the formation of pectic substances started from the 
observation that indoleacetic acid (IAA) induced growth of tobacco pith 
tissue is accompanied by marked changes in the soluble carbohydrate com- 
position (Skoog and Robinson, 13). It provides some evidence for the presence 
of low molecular weight uronides which are converted into pectic substances 
during cell wall expansion, and that this process is promoted by growth- 
promoting concentrations of IAA. 


Experimental 


Tobacco pith tissue culture 


The material used is greenhouse-grown tobacco, Nicotiana tabacum, Wisconsin 
variety Nr. 38, cut when 80—120 cm. high and about 1.5 cm. thick. Sections of 
pith 15X51 mm. are cut from the stem and are planted with sterile technique 
on 50 ml. modified White’s medium, with 2 per cent sucrose and 1 per cent agar, 
in a 125 ml. Erlenmeyer flask. The pH of the medium is about 6.5. The treated 
sections differ from the controls in being supplied with 2 mg./l. IAA. For details, 
see Jablonski and Skoog (7). 


Analytical Procedures 


The pith sections are removed from the medium, blotted free of surface liquid, 
and placed in weighing bottles for determination of fresh weight immediately and 
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dry weight after 30 hours dessication in a 65° C. forced air oven. Tests have shown 
little change in proportions of pectic substances and soluble uronides during the 
drying period. From 8 to 20 sections are required for each analysis, and most 
analyses are carried out in duplicate. The dried sections are allowed to absorb 
water for 3 to 4 hours at room temperature, then alcohol is added to make a final 
concentration of 70 per cent by volume, and the tissues are macerated in a Waring 
blendor. The tissue is filtered, washed with 70 per cent and with 95 per cent alcohol, 
and dried. This residue consists largely of cell wall material, including the pectic sub- 
stances, plus proteins, and its weight gives an indication of changes in amount of 
cell wall material. The filtrate also contains a compound or compounds which are 
determined as uronides (after removal of alcohol), and which will be referred to 
as the (alcohol) soluble uronides, because an exact identification has not yet been 
made. This uronide is believed to be a derivative of galacturonic acid, since it gives 
an absorption spectrum similar to that of galacturonic acid when tested by the Dische 
. carbazole test (1). 

The uronides of both fractions are analyzed by a modification of the Tollens- 
Lefevre reaction, by measuring the CO, evolved upon treatment with 12 per cent 
HCl at 135° (see Kertesz, 9). Non-uronide carbohydrates will also give off CO,, 
but at a slower rate, while ascorbic acid, which might interfere, is present in a 
concentration of only 0.2 per cent or less of the dry weight, according to analyses 
carried out by Dr. E. Newcomb. The CO, evolved from non-uronides may be 
estimated by continuing the reaction for an additional 4 hours after the decarboxyla- 
tion of the uronides, but this could not be done on the routine analyses because of 
lack of time. Occasional checks showed that the residue gave off about 10 per cent 
non-uronide CO, and the alcoholic extract about 25 per cent, and these ratios 
remained fairly constant. The figures reported are uncorrected — thus the values 
for the soluble uronides are high in comparison to the values for the pectic sub- 
stances. Anhydro-galacturonic acid has been used as the standard reference material 
for calculation of the weight of both the pectic substances and the soluble uronides 
from the amount of CO, evolved. 

For the one experiment presented here, the pectic substances were determined 
by a modification of the method of McCready and McComb (12). From 25 to 
100 mg. of the dried residue containing from 5 to 25 mg. of pectic substances are 
homogenized in a Potter-Elvehjem or a modified McShan homogenizer with from 
5 to 10 ml. of ethylene-diamine-tetraacetic acid sodium salt (pH 11.5). The pH is 
lowered to 5.0 with acetic acid after one-half hour, and 5 to 10 mg. of Pectinol 
100-D (furnished by Rohm and Haas Company, Philadelphia) are added. After two 
hours hydrolysis, the sohition is diluted to a known volume, filtered, and the 
galacturonic acid is determined by the carbazole reaction. The results are comparable 
with those obtained by the CO, evolution test, and the analysis is much quicker. 


Results 


Visible Growth Responses 


All sections expand from the original 15 mm. length to 18—20 mm. during 
the first day in culture, corresponding to a 25 per cent increase in fresh 
weight. After this there is no visible change in the control sections, except 
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for browning. Three to five days after culturing, the cells of the treated 
sections begin to expand visibly. Expansion is most rapid during the first 
14 days, but the increases in fresh and dry weight continue for at least three 
weeks. Some treated sections may curl so that they touch the medium only 
at the middle or at the ends — cell expansion is then limited mainly to the 
regions near the point of contact with the medium. 


Changes in Tissue Composition During Growth 


The changes in fresh, dry, and residue weights, and in uronide contents 
during a typical experiment are shown in Figure 1. The fresh weights reflect 
the visible changes in the sections — first the increase in length during the 
first day by all sections, then the rapid cell expansion in the treated sections 
after three to five days. 

It is striking that during the early period before either the increase in dry 
weight or the rapid cell expansion begins, there is a marked increase in 
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Table 1. Differences in contents of pectic substances and soluble uronides in expanded and 
non-expanded tobacco pith sections. Treated sections received 2 mg./l. IAA, controls none. 
A. Collected Nov. 5, 1951 after 14 days in culture; B. Collected Jan. 30, 1952, after 19 days 


in culture. 
| | Pectic Substances | 70 0/0 Ethanol Sol. Uronides | 
| : . _ | Number of |— =a | _— ate 
| Material Expansion Sections Sa tee of | Mg. er Den 
| | Section | Dry Wt. | Section £ 
| | 
DIR "Re 12 12° "| esa 1.9 8.0 
AA: + 12 1.4 ao) 1.3 6.9 
TAN nr — 12 1.2 6.0 0.8 4.1 
Cont = 20 0.5 5.1 0.8 8.6 
Cont = 20 0.4 4.5 0.9 10.1 
| 
BEAMER — + 1 12 fess 1.3 US) 
JAN Fe + + 8 1.6 1.6 1.4 | 6.6 
| TAA Se: el 9 1.4 8.0 1.4 | 8.0 
LAVA tase = 7 12 10.6 0.4 3.2 
Cont = 15 0.5 4.9 0.8 8.0 


residue, that is, cell wall material, at the expense of the soluble material in 
both control and treated sections, although to a somewhat higher extent in 
the latter. The subsequent rapid cell expansion in the treated sections is 
accompanied by a corresponding increase in residue; there is also a slight 
increase in residue in the non-expanding controls. The alcohol insoluble 
residue, which originally amounts to only about 16 per cent of the dry weight, 
rises to about 35 per cent in the treated sections and to about 25 per cent 
in the control sections after six days. 

Turning now to the concurrent changes in uronide content, it may be seen 
that the pectic substances increase rapidly in the treated sections throughout 
the 3 week period, whereas in the controls they increase only during the first 
week. Corresponding to these changes, there is a marked decrease in soluble 
uronides during the first day to about 70 per cent of the initial content in 
both treated and control sections, followed by a rapid build-up to the initial 
value or above in both treated and control sections. During the first few days 
the control sections contain slightly more soluble uronides per section, and 
this difference is greater if expressed as per cent of the dry weight. If the 
pectic substances are expressed on a percentage basis, both control and 
treated sections show an increase from the initial value of about 3.5 per cent 
of the dry weight to about 5 per cent after one day. The pectic substances 
continue to rise to about 6.5 per cent in the treated sections, but drop back 
in the controls to close to the original 3.5 per cent value. This difference is 
maintained for the three week period. 

Sometimes, for unknown reasons, certain treated sections fail to expand. 


URONIDE FRACTIONS AND GROWTH OF EXCISED TOBACCO PITH TISSUE 209 


Table 2. Differences in weight and composition of expanded and non-expanded cells from 
the sume 15 sections of tobacco pith treated with IAA, 2 mg./l. Collected April 4, 1952, after 
11 days in culture. 


rr 


| Weight Pectic Substances | 70 90 Ethanol Sol. Uronides 

| eels Fresh | Ei 0/0 of | = | anger 
|Drv 9/o! WES) \ 

| | gm. aan °/o Total = Dry Wt. | Total mg. 0/0 of Dry we.) 

| | | | | 

| Expanded ...... | 3.02 | 0.112 37 12 6.5 7 6.3 | 

| Non-Expanded 3.63 | 0.223 6.1 14.0 6.3 5.7 285 


Table 1 shows two cases in which the expanded sections were analyzed 
separately from the non-expanded IAA treated sections in cultures of the 
same age. The amount of pectic substances was greatly increased over that 
in the controls, but showed no difference between expanding and non- 
expanding sections. However, the tissues which failed to expand in response 
to the IAA treatment did not show an increase in soluble uronides over the 
controls, and in fact contained a much lower percentage of soluble uronides 
than that found in either the controls or the expanded sections. Table 2 shows 
the uronides in sections which had curled so that only part of the cells had 
expanded. These cells were scraped off and analysed separately. The marked 
decrease in percentage dry weight from 6.1 to 3.7 indicates the great expan- 
sion taking place in the one group’ of cells. The percentage of pectic sub- 
stances was the same in both groups, (as in Table 1) but the percentage of 
soluble uronides fell from 6.3 in the expanding cells to only 2.5 in the cells 
which did not respond to the IAA treatment. This is the lowest content of 
soluble uronides which has been found in pith tissue. 


Discussion 


It is clear from these experiments and from those reported by Jablonski 
and Skoog (7) that IAA sets into action those metabolic processes which 
result in expansion of tobacco pith cells: water uptake, increases in 
dry weight, and cell wall material (including the pectic substances). The 
evidence presented here on the changes in contents of soluble uronides and 
pectic substances suggests that the former are converted into the latter under 
the influence of IAA treatments. 

The decrease in soluble uronides which accompanies the first day increase 
in pectic substances may be interpreted as a conversion of the soluble uronides 
into pectic substances as the cells increase in surface area upon being released 
from the confining influence of the stem, whether of a chemical or physical 
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nature. The decrease in soluble uronides appears to be greater than the 
increase in pectic substances, even when corrections are made for the non- 
uronides included in the former, but the changes in the two fractions are of 
the same order of magnitude. This early conversion may be under the 
influence of residual IAA in the tissue, and the lack of IAA in the control 
sections after two or three days cause the difference in levels of pectic sub- 
stances at this time. Considering only the relationship between the soluble 
uronides and [AA, it appears that the synthesis of new uronides may continue 
for several days in the absence of added IAA, but that the soluble uronides 
then accumulate to some extent in the control tissues, presumably because 
they cannot be incorporated into pectic substances as rapidly as in the treated 
sections. This accounts for the higher percentage of soluble uronides in the 
control sections. 

It also appears that those tissues which contain a relatively low con- 
centration of soluble uronides will not expand even when provided with IAA. 
This is to be expected if the pectic substances are formed from the soluble 
uronides and are essential in the formation of the new cell wall. 

Experiments were carried out with serial concentrations of IAA ranging 
from less than that required for growth up to inhibitory levels. [AA con- 
centrations too high to promote continued cell expansion may promote the 
conversion of soluble uronides into pectic substances, but the synthesis of 
the soluble uronides is inhibited. The soluble uronides, however, tended to 
accumulate in the sections given low IAA concentrations, since cell expan- 
sion and the formation of pectic substances occurred at a slower rate. The 
details of these experiments will be reported elsewhere. 


Summary 


A study has been made of changes in uronide composition associated with 
cell enlargement of tobacco pith tissue (N. tabacum, Wis. No. 38) cultured 
on Whites nutrient agar medium with and without the addition of 2 mg.|l. 
IAA. ITAA stimulates the expansion of the cells without cell division to several 
times their original volume, beginning three to five days after planting. 
Fresh weight, dry weight, cell wall material, pectic substances, and soluble 
uronides increase considerably in the treated sections, particularly during 
the period of rapid expansion, and increase to some extent in the control 
sections, but mainly during the first few days only. The alcohol soluble 
uronides, however, decrease during the first day, apparently as a result of 
their incorporation into pectic substances. In sections or portions of sections 
which do not expand in response to IAA, conversion of soluble uronides into 
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peclic substances occurs to the same extent as in expanding sections, but the 
synthesis of additional quantities of soluble uronides is inhibited. The 
observed changes in uronide and pectic materials resulting from IAA treat- 
ments may be considered as an integral part of auxin induced growth of 
cell walls. 
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Introduction 


The duration of activity of the main axis meristems of excised tomato 
roots can be increased by separating the meristems from the root systems 
to which they have given rise. This has been explained by postulating an 
internal influence exerted on the meristem by the main axis and its associated 
laterals (Street and Roberts 1952; Street, McGonagle and Roberts 1953). Main 
axis meristems only functioned for a limited time when the roots were 
allowed to develop in constantly renewed culture medium of favourable pH 
and containing all the necessary organic and inorganic nutrients in adequate 
concentration. It therefore appeared probable that the influence of the root 
system on the activity of its main axis meristem was of a hormonal nature 
rather than an effect of an internal competition for nutrients. 

The stimulation of main axis growth, checking of lateral development 
and enhancement of survival by low intensity illumination (Street 1953) 
would on the above hypothesis be explained by postulating a light effect on 
the hormonal balance within the excised root. Galston’s (1950) finding that 
light stimulates the IAA-oxidizing system in etiolated pea epicotyls suggested 
the possibility of a photochemical destruction of some hormonal substance 
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in our excised roots. The activity of red light in our effect and in the clearly 
related observations made by Torrey (1952) with excised pea roots indicates, 
however, a system with a different action spectrum to that of the riboflavin- 
sensitized oxidation studied by Galston. 

Study of the growth in successive passages of individual roots subcultured 
by repeated excision of the main axis meristem, showed that each root had 
a repeating growth pattern in which sequences of increasing growth values 
alternate with sequences of decreasing values (Street and McGonagle 1953). 
This cyclic pattern of growth behaviour was apparently controlled by an 
internal factor, and was related to the question of the duration of meriste- 
matic activity in so far as cessation of activity occurred either when growth 
was at a minimum or was declining. Following the hypothesis that the 
cessation of meristematic activity is due to a critical change in the hormone 
balance within the meristem, two alternative explanations of this cyclic 
pattern of growth behaviour were considered. First that a rising growth rate is 
due to a rising content of some essential hormone, and a fall in growth rate 
due to its depletion. Cessation of activity would then occur if this essential 
substance fell below a critical level. The substance would be synthesised at 
the meristem and depleted by its activity or by the older parts of the root 
and its newly initiated laterals. The second explanation was that low or 
falling growth rates resulted from accumulation, during a previous period 
of high growth rate, of some hormone to a supra-optimal concentration at 
the apex. This hormone either in its active form or as a precursor would 
be synthesised in the root system and transported to the apex. Cessation 
of meristematic activity would occur if the supra-optimal concentration 
reached a critical value. If this point was not reached the level of hormone 
would be reduced during low growth by consumption or destruction in 
greater amount than was transported to the apex from the small root system. 
Then as growth rate increased, accumulation would begin again until at the 
critical concentration it caused either a marked reduction in growth or 
cessation of meristematic activity. On this second explanation the very high 
growth rate normally reached in the 2nd or 3rd passage and which is sub- 
sequently rarely achieved again would be due to the initial sub-optimal 
hormone content of the sector tip inoculum rising to the optimum value. 
Subsequently the varying hormone content would be interpreted as supra- 
optimal even when lowered sufficiently to allow of a high growth rate. The 
beneficial effect of light would be explained as due to a lowering of the 
hormone concentration at the main apex. 

The study of the effect of sucrose concentration on the survival of repeatedly 
subcultured main apices (Street, McGonagle and Roberts 1953) was sug- 
gested by the resemblance, in single passage experiments, of roots grown in 
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medium of high sucrose content (Street and McGregor 1952) to roots whose 
growth had reached a low value as a result of repeated subculture in the 
standard medium. Subsequently (Street, McGregor and Sussex 1953) a study 
was undertaken of the effects of ß-indolylacetic acid and of $-indolylaceto- 
nitrile on the growth of excised tomato roots in single-passage experiments. 
A striking resemblance was noted in the appearance of roots inhibited by 
B-indolylacetie acid to those grown in high sucrose concentration or retarded 
in growth by repeated subculture. The main axis was thick, brown and 
brittle; laterals were markedly reduced in number and were stiff and of 
slow growth rate. The roots often sank in the culture medium. Roots inhibited 
by B-indolylacetonitrile remained thin, white and floating and lateral inhibi- 
tion was less pronounced. These observations, which suggested that cessa- 
tion of meristematic activity might be due to an actual or relative increase 
in the concentration of ß-indolylacetic acid at the apex, formed the starting 
point for the experiments described in the present paper. 


Experimental 


‘Clonal’ roots of Lycopersicum esculentum Mill. (Best-of-All) were used throughout 
(Street and McGonagle 1953). Most of the experiments have involved the repeated 
subculture technique previously described (Street, McGonagle and Roberts 1953); 
except where otherwise indicated the\standard culture medium (Street and McGregor 
1952) has been used. 


Effects of B-indolylacetic acid and of B-indolylacetonitrile 
on growth and survival 


The resemblance of roots inhibited by B-indolylacetic acid (IAA) to those 
retarded in growth by repeated subculture in standard medium, suggested 
that addition of this hormone to the medium might accentuate the loss of 
main apex activity occurring during repeated subculture. If this cessation 
of activity is due to a natural accumulation of hormone it might be predicted 
that addition of IAA at non-inhibitory concentrations would adversely affect 
survival, and that at higher concentrations decline in survival number would 
occur after fewer passages and be more marked. Roots inhibited by 
B-indolylacetonitrile (IAN) did not resemble those treated with IAA. Other 
evidence was obtained (Street, McGregor and Sussex 1953) which was most 
easily explained on the hypothesis that these two substances have separate, 
though not necessarily unrelated, effects on root growth. In order therefore 
to see how far any affect of IAA on the survival of main apex activity was 
specific, and not simply an effect such as would result from any growth 
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Figure 1. Effects of B-indolylacetic acid (IAA) and B-indolylacetonitrile (IAN) on the 
survival and increase in main axis length of excised tomato roots subcultured by repeated 


excision of the main axis tip. 
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Figure 2. Effects of B-indolylacetic acid (IAA) 
and ß-indolylacetonitrile on the total length 
of laterals of excised tomato roots subcultured 
by repeated excision of the main axis tip. 
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inhibitor, parallel comparisons were undertaken of the effects of [AA and 
IAN on survival. From our previous study of the effects of these substances 
on the growth of excised tomato roots it was possible to choose pairs of 
concentrations inducing similar degrees of inhibition of main axis growth. 


The results are shown in fig. 1. Concentrations of 101% g./ml. IAA and 107-8 g./ml. 
IAN were chosen as comparable non-inhibitory concentrations. These additions 
caused no significant reduction in main axis growth. With the IAN addition over 
8 successive passages no effect on survival was observed. With IAA, however, a 
significant lowering of the survival number occurred as compared with control. 
With hormone additions causing moderate inhibition (10° g./ml. IAA and 10~8 g./ml. 
IAN) there was again no deleterious effect of IAN on survival, but a marked 
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depression of survival number occurred in the IAA medium. With a still higher 
concentration of IAA (5X 107° g./ml.) survival was dramatically reduced. The highest 
concentration of IAN tested (5X 10-56 g./ml.) had only a slightly deleterious effect 
on survival. This IAN concentration, however, did not cause quite such a marked 
inhibition of main axis growth as the IAA at 5X10~° g./ml. Nevertheless, the inhibi- 
tion was much more marked than with IAA at 10~° g./ml. and it was clearly less 
deleterious to survival than this concentration of IAA. Additions of IAA not only 
had a deleterious effect on survival during the experiment as a whole but caused 
the loss of activity to begin after fewer subcultures; this effect was particularly 
clear at the highest IAA concentration. 

The pairs of hormone concentration used above were chosen with the object of 
obtaining similar degrees of inhibition of main axis growth. It was therefore possible 
that the differential effect of IAA as against IAN would not have been apparent if 
some other criterion had been used to select concentrations having an equal inhibi- 
tory effect on growth. If, however, mean total lateral length per root is selected as 
an alternative growth criterion (see fig. 2) then 10~'° g./ml. IAA is equivalent to 
10-8 g./ml. IAN and 5X10~-® g./ml. IAN is more inhibitory than 10° g./ml. IAA. 
Now 10710 g./ml. IAA does have a deleterious effect on survival but 10~® g./ml. IAN 
is without effect. Similarly 5X 10% g./ml. IAN though more inhibitory than 107° 
g./ml. IAA is slightly less deleterious to survival. 


These results, therefore, indicate that IAA when supplied in the culture 
medium differs from IAN supplied at concentrations equally inhibitory to 
growth in that IAA markedly reduces the survival of main axis meristems 
subjected to repeated subculture. The results also suggest that excised tomato 
roots under our conditions of culture do not become ‘adapted’ to externally 
applied hormones in the sense encountered in studies with seedling roots 
(Burström 1950). 


Effects of a-(1-naphthylmethylsulphide)-propionic acid 
on growth and survival 


It has been tentatively postulated above that the cessation of meristematic 
activity in our apices is due to accumulation to some critical level of an 
auxin-type hormone. This is considered to result from translocation from 
the older parts of the root to the apex of either active auxin or of some 
precursor material. If a relatively non-toxic antagonist of this naturally 
accumulating auxin could be found, then it would be predicated that during 
the progress of repeated subculture, apices would alter in their reactions to 
such an anti-auxin due to their altering hormone balance. Similarly it would 
be expected that treatment with the anti-auxin would enhance the survival 
of apices and effect a rejuvenation of those retarded in growth. 

The anti-auxin effects of a-(1-naphthylmethylsulphide) -propionic acid 
(Fredga 1951) were first described by Aberg (1950) in experiments on the 
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growth of seedling roots of flax. This substance at low concentrations 
increased root growth by 10 to 20 per cent; at higher concentrations it was 
inhibitory. At an appropriate concentration it restored the growth of roots 
inhibited by 1-naphthaleneacetic acid or by 2,4-dichlorophenoxyacetic acid 
and effected a very considerable restoration of the growth of roots inhibited 
by B-indolylacetic acid. It was regarded as showing the properties of a com- 
petitive auxin antagonist, competing with the auxin molecules for active 
sites in the cytoplasm. It fulfils the structural requirements postulated by 
McRae and Bonner (1953) for true anti-auxins and is an example of their 
Class III anti-auxins in which one-point attachment replaces the normal 
two-point attachment by steric hindrance in the side chain. The consequence 
is the formation of an inactive anti-auxin complex instead of the active 
auxin complex. 

Before describing the experiments that have been carried out with 
a-(1-naphthylmethylsulphide)-propionic acid (NMSP) it is necessary to out- 
line the basis upon which the results have been interpreted. Starting with 
the classical work of Cholodny (1924) the view has been developed (Thi- 
mann 1937) that the response of root cells to auxin is given by an optimum 
curve with its peak at a very low auxin concentration and that normally 
the natural auxin content of the root is supra-optimal. When the root has a 
supra-optimal auxin content then application of anti-auxin should stimulate 
growth provided it is applied at a concentration which, by competing with 
auxin, brings the effective auxin activity nearer to the optimum. With further 
increase in the anti-auxin concentration a point should be reached where 
growth declines due to the effective auxin activity becoming sub-optimal. 
The concentration of anti-auxin giving maximum growth stimulation will be 
higher, the higher the initial auxin content of the root; the lower the initial 
auxin content of the root the lower will be the concentration of anti-auxin 
which inhibits growth by inducing sub-optimum auxin activity. If the anti- 
auxin is entirely lacking in toxicity other than that resulting from its inducing 
sub-optimal auxin activity then it may be possible by its application to raise 
the growth of roots of varying initial auxin contents to the same high level. 
This hypothesis, however, also requires that the inhibitory effects of supra- 
optimal auxin levels will have no after-effects so that growth will immediately 
reach its optimum value when the optimum auxin activity is established. 
In practice there are further difficulties in achieving this postulated effect 
of anti-auxin applications. Within any one experiment batches of roots 
which have reached the same general level of auxin content will show 
considerable individual variability (as emphasised by earlier work on the 
independant cyclic variations in growth behaviour of individual roots) and 
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the number of levels of anti-auxin which can be used will be limited by the 
size of the experiment and the necessity of replication of each treatment. 


(a) The effect o/ repeated subculture on the response of 
meristems to NMSP 


Apices were grown through successive passages in standard medium and at the 
Ist, 2nd and 6th subculture the growth response of such apices to NMSP studied 
by a 7-day culture period with standard medium as control. An aqueous solution 
of NMSP was prepared by treating the acid with the equivalent amount of 0.1 N 
NaOH and then diluting with double-distilled water to a suitable concentration. This 
solution was sterilised by filtration through a sintered-glass filter ! (Street, McGonagle 
and Lowe 1951) and then added under aseptic conditions to culture flasks containing 
different volumes of appropriately concentrated autoclave-sterilised standard medium. 
The volume and concentration of medium was such that in each case it was adjusted 
to normal strength and to 50 ml. by the appropriate volume of NMSP solution. 
NMSP was, in this way, incorporated into the standard medium at concentrations 
ranging from 0.25—2.5 mg./l. The results obtained are shown in Figure 3. Each 
treatment mean is based on 20 replicates. 

Main axis growth of roots in their Ist tip passage was enhanced by 0.25 mg./l. 
NMSP; at higher concentrations main axis growth was progressively depressed. 
With 2nd passage roots stimulation of main axis growth occurred up to 0.5 mg./l. 
NMSP and with 6th passage roots up to 1.0 mg./l. NMSP. Above these concentra- 
tions growth was depressed, but the 6th passage roots and to a less extent the 
2nd passage roots were less markedly depressed by the high NMSP concentrations 
than Ist passage roots. Whereas in the standard medium the 6th passage roots had 
the lowest growth value, in medium containing 2.5 mg./l. NMSP these roots gave 
the highest growth values. 

Lateral number and length were depressed in Ist passage roots by all NMSP con- 
centrations but these features were enhanced in 2nd passage roots by 0.25 mg./l. and 
in 6th passage roots by concentrations up to 1.0 mg./l. NMSP. 


If the action of NMSP is interpreted as resulting from its competitive 
antagonism of a natural hormone of the root apex, then these results strongly 
support the view that there occurs an absolute or relative accumulation of 
this hormone during repeated subculture and that this accumulation accounts 
for the retardation of root growth and cessation of meristematic activity. 

A comparison was also made of the growth during a 7th passage in standard 
medium of the controls and of the roots which had been treated with NMSP during 
their 6th passage (Figure 4j. Growth of the controls was further retarded in 
Passage 7. Main axis growth of all roots which had received NMSP treatment in 
Passage 6 was above that of the control roots. Highest growth occurred in those 
which had received 1.0 mg./l. NMSP (the highest stimulatory concentration in 
Passage 6). Growth in Passage 7 was above that in Passage 6 for roots which had, 
in the latter passage received 2.5 mg./l. NMSP. The stimulatory effects of the low 

A Subsequent work indicates that NMSP is stable to autoclaving at 15 Ibs. for 5 mins. 


when incorporated in standard medium. 
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NMSP concentrations were however reduced in intensity during the subsequent 
passage in standard medium. This reduction was less marked for roots which had 
received the highest stimulatory concentration (1.0 mg./l.) and the inhibitory con- 
centration (2.5 mg./l.) caused a marked increase in growth to occur in Passage 7. 
This shifting of beneficial effect to higher concentration of NMSP when tested by 
‚growth in a subsequent passage in standard medium was dramatically shown in the 
values for lateral length where a concentration (2.5 mg./l.) inhibitory in the NMSP 


test-passage caused a marked stimulation of lateral growth in the subsequent 
passage. 
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INCREASE IN MAIN AXIS LENGTH (mm.) 
10.0 


LATERAL LENGTH (mm) 


Figure 4. Growth in standard me- 
dium in Passage 7 (P. 7.) of main 
axis tips excised from both the con- 
trol and the a-(1-naphthylmethyl- 
sulphide)-propionic acid (NMSP)- 
treated roots of Passage 6. Growth 
values for control and NMSP- 
treated roots in Passage 6 (P. 6.) 
are shown for comparison. Con- 
centrations of NMSP used in Pas- 
sage 6 shown, as mg./l. on the ab- 


scissae. 
O 0-5 oO 2-5 mg/L 
PASSAGE 6 TREATMENTS 


These results showed that NMSP’ stimulation had a beneficial carry-over 
effect in a subsequent passage and supported the view that NMSP stimula- 
tion arises from a lowering of supra-optimal hormone activity and that, 
within the concentration range tested, NMSP inhibition is due to induction of 
varying degrees of sub-optimal hormone activity. 


(b) Effects of NMSP on the growth and survival of roots subcultured 
in medium containing 3 per cent sucrose 


The use of medium containing 3 per cent sucrose was prompted by earlier 
work in which it was shown (i) that roots grown for single passages in media 
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containing concentrations of sucrose above 2 per cent resembled roots whose 
growth had been retarded by repeated subculture in standard medium and 
(ii) that such high sucrose concentrations had a very adverse effect on 
survival. 

In preliminary experiments it was found that roots in 3 per cent sucrose 
medium when treated with NMSP in their Ist tip passage showed stimula- 
tion of main axis growth with concentrations up to 0.5 mg./l.; when treated 
in their 2nd passage stimulation occurred with concentrations up to 1.0 mg./l. 
As regards their response to NMSP treatments, roots in their Ist and 2nd 
passages in 3 per cent sucrose medium resembled respectively roots in their 
2nd and 6th passages in standard medium (2 per cent sucrose) (Figure 3). 
With repeated subculture of the main axis meristem in 3 per cent sucrose 
medium, it was also shown that treatment with 0.5 mg./l. NMSP., whether 
begun in Passage 1 or 2, enhanced growth and survival of the main axis. It 
also checked the thickening and browning of the main axis which occurred 
in the control roots, even after only a single passage. 


These findings were followed up in two experiments in which roots were grown 
in 3 per cent sucrose medium during the Ist tip passage. Control roots were 
repeatedly subcultured in this medium and their growth and survival studied. The 
remaining roots were, at the beginning of Passage 2, subcultured into 3 per cent 
sucrose media containing NMSP. In the first experiment a range of NMSP con- 
centrations was used and roots were maintained in these experimental media by 
repeated subculture of the main axis meristems (results in Figure 5). In a second 
experiment a single NMSP concentration was used at each passage: this concentra- 
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Figure 5. Effects of a-(1-naph- 
thylmethylsulphide )-propionic 
acid (NMSP) on the growth 
and survival of excised tomato 
roots cultured in 3 per cent 
sucrose medium. All roots were 
grown in standard 3 per cent 
sucrose medium in Passage 1. 
Subsequently the roots were 
cultured in this medium and in 
media containing fixed con- 
centrations of NMSP. 
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Figure 6. Effects of a-(1-naph- 
thylmethylsulphide)-propionic 
acid (NMSP) on the growth 
and the survival of excised to- 
mato roots cultured in 3 per 
cent sucrose medium. All roots 
were grown in standard 3 per 
cent sucrose medium in Pas- 
sage 1. Subsequently half the 
roots were cultured in this me- 
dium and the remainder in me- 
dium containing NMSP. The 
concentration, as mg./l. NMSP 
used in each passage is indi- 
cated on the graphs. 


tion was varied from passage to passage and was chosen by study of the growth 
response of the roots in previous passages (results in Figure 6). 

In the first experiment (Figure 5) 0.25 mg./l. NMSP stimulated growth in Pas- 
sage 2 and enhanced the number of roots surviving in Passage 3. However, all roots 
receiving this treatment had, like the control roots, ceased activity by Passage 4. 
Survival was clearly enhanced by 0.5 mg./l. NMSP and still more so by 1.0 mg./l. 
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In presence of 0.5 mg./l. NMSP, a high level of growth and survival was maintained 
in Passages 2 and 3. However, in Passage 3, some roots showed a browning and 
thickening of the main axis and in Passage 4 the number of roots surviving and the 
growth values both fell significantly. Roots in this passage resembled the control 
roots in Passage 2. 0.5 mg./l. NMSP, although giving the best growth in Passages 2 
and 3, appeared to be too low to prevent growth retardation in subsequent passages. 
Roots treated with 1.0 mg./l. NMSP showed very high survival but growth values, 
particularly lateral numbers, were significantly depressed and decreased progressiyely 
with succeeding passages. The main axis of these roots was throughout thin and 
white. The roots resembled those obtained using media of clearly sub-optimal 
sucrose concentration (Street and McGregor 1952). It appeared that 1.0 mg./l. NMSP 
in 3 per cent sucrose medium lowers the effective hormone content to a sub- 
optimum level and that this effect is enhanced in succeeding passages as the 
diminishing growth generates less hormone. 

These conclusions are borne out in the results of the second experiment (Figure 6). 
Here by using 0.5 and 0.75 mgl./l. NMSP in separate passages high survival was 
maintained for the duration of the experiment without inducing the marked declines 
in growth which occurred in the earlier experiment where fixed concentrations 
apparently below (0.5 mg.) and above (1.0 mg.) the optimum were employed. 


‘ 


The role of B-indolylacetic acid in the control of meristematic activity 


The results reported above raised the question of whether [AA accumula- 
tion during culture is responsible for the decline in growth rate on repeated 
subculture and is the agent which, on reaching a critical concentration, causes 
the cessation of meristematic activity. In another connection it had been 
found that tips from sectors treated for 36 hours prior to excision with a 
medium containing 10°" g./ml. IAA, although markedly swollen in the region 
of elongation gave 7-day tip cultures equal to those grown from untreated 
sector tips. By contrast a similar treatment with [AN (at 5x10~° g./ml.) 
markedly reduced or destroyed the activity of the sector tips. It therefore 
seemed that enhancing the JAA content of the roots did not affect the sub- 
sequent growth of apices transferred to standard medium. This absence of 
an IAA carry-over’ effect was confirmed by treating tip cultures in their 
Ist passage with various concentrations of [AA and then studying their 
growth in a subsequent passage in standard medium (Table 1). The results 
showed that. under these conditions, strongly inhibitory IAA concentrations 
destroyed the activity of some meristems but that those which survived grew 
at almost the same rate as the controls. With lower, but still clearly inhibitory 
concentrations, there was no deleterious effect on survival and growth in the 
2nd passage was equal or superior to that of the controls. 

The absence of an IAA ‘carry-over’ effect, in these experiments, points 
against the hypothesis that IAA accumulation is responsible for the cessation 
of meristematic activity unless there is with time, a decay of an IAA- 
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Table 1. Effect of inhibition by ß-indolylacetic acid (IAA) on growth of excised tomato 
roots in a subsequent passage in standard medium. 


Tg 
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destroying system located in the apices. The observations (see Figure 1) that 
an IAA concentration (10-!° g./ml.) at the threshold of inhibition does not 
become inhibitory on repeated subculture and that a moderately inhibitory 
IAA concentration (10~° g./ml.) does not cause progressively more marked 
inhibition in successive passages, give no support to the idea of a decay of 
an IAA-destroying system during subculture. 

If IAA accumulation is not the primary factor controlling the duration of 
meristematic activity, its deleterious effect on survival could still be explained 
by postulating that in the presence of IAA a lower critical concentration of 
the operative factor is required. On such a view, however, the marked 
effects of NMSP on growth and survival could hardly be explained on the 
basis of IAA—NMSP antagonism. It was therefore necessary to test the 
IAA—NMSP interaction using the low NMSP concentrations employed in 
our experiments and IAA concentrations which depress growth to the extents 
brought about by repeated subculture in standard medium. 


Two types of experiment were carried out to test for NMSP—IAA inter- 
action: — 


The first employed fixed IAA concentrations against a range of NMSP concentra- 
tions (Table 2); the second employed fixed NMSP concentrations against a range 
of IAA concentrations (Table 3). The data in Table 2 shows that the response of 
roots inhibited with IAA tends to parallel the reponse of roots in standard medium. 
0.25 mg./l. NMSP was the only stimulatory concentration and there was no evidence 
that NMSP could counteract the IAA inhibition. The IAA-inhibited roots did not 
resemble in their response to NMSP, roots depressed in growth rate by repeated 
subculture in standard medium (Figure 3). This contrast is further emphasised in 
Table 3. Main axis growth of roots inhibited by 2X10-® or 4X 10-2 g.ml. IAA was 
reduced by NMSP treatment. Both concentrations of NMSP caused a reduction in 
lateral growth with TAA concentrations up to 6X10-° g./mi. These NMSP con- 


MERISTEMATIC ACTIVITY IN EXCISED ROOTS V 227 


Table 2. Effect of inhibition by B-indolylacetic acid (IAA) on the response of excised tomato 
roots to a range of a-(1-naphthylmethylsulphide)-propionic acid (NMSP) concentrations 
(10 replicates per treatment). 


| 
| : ; Standard medium 
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centrations have a growth promoting effect, particularly on main axis length, when 
tested against roots less depressed in growth by repeated subculture than was caused 
here by the IAA additions. Clearly the stimulatory effect of NMSP on ‘old’ roots. 
cannot be explained in terms of an IAA—NMSP interaction. The data presented in 
Table 3, however, does at the same time show that NMSP can have a beneficial 


Table 3. Effect of a-(1-naphthylmethylsulphide)-propionic acid (NMSP) on the sensitivity 
of excised tomato roots to inhibition by ß-indolylacetice acid (II). (10 replicates per treat- 
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effect on roots inhibited by a high IAA concentration (10% g./ml.). There is there- 
fore evidence of a weak NMSP-—-IAA interaction under conditions of marked IAA- 
inhibition. 

In view of the above results it is interesting that Audus and Shipton (1952) 
have suggested (i) that IAA may not be the natural root hormone holding 
growth below its possible maximum and (ii) that the stimulation of root 


c 


growth which results from application of NMSP and its homologues (Aberg 
1950). of isobutyric acid homologues (Burström 1951) and even of very 
low IAA concentrations (Moewus 1949) may be because they are all, at 
appropriate concentrations, antagonists of a natural hormone normally 
present in the roots at inhibitory concentration. Recent chromatographic 
work with the acid fraction of ether extracts (Bennet-Clark and Kefford 
1953) clearly revealed in roots the presence, in addition to IAA, of two growth 
regulators (accelerator-a and inhibitor-B), one of which was apparently 


present at inhibitory concentration. 


Discussion 


Ashby and Wangermann (1951) have shown that the exponential growth 
of a colony of Lemna minor can be resolved into cycles of ageing and 
rejuvenation in individual fronds and their progeny and that individual 
fronds, growing in a constant environment, have a finite length of life during 
which they produce a characteristic number of daughter fronds. These 
authors have postulated that the frond produces a growth promoting sub- 
stance (A) which is depleted as the frond ‘ages’; the length of life of the 
frond depending upon the initial amount of the substance and its rate of 
diminution. The length of life of daughter fronds was shortened by IAA 
treatment (Ashby 1950, Wangermann and Lacey 1953); the fronds died 
earlier than was expected from the slope of the ageing curve. This effect 
was explained by postulating that the essential substance (A) diminishes 
more rapidly in the presence of IAA. The view that IAA accumulation or 
depletion is not the cause of ageing in Lemna was supported by data showing 
that tri-iodobenzoic acid at concentrations of 10 mg./l. or less, had, no effect 
on the rate of ageing although it could partly counteract the effects of added 
IAA and induce symptoms such as would be expected from a reduced effective 
auxin level (Wangermann and Lacey 1953). 

The hypothesis set out in the present paper in discussing the activity and 
survival of root tip meristems agrees with that used to interpret ‘ageing’ in 
Lemna in rejecting IAA as a primary controlling factor. We have favoured 
here the view that cessation of meristematic activity is due to accumulation 
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of the operative hormone; with Lemna it has been postulated that ‘ageing’ 
is due to its depletion. The existing data does not in either case exclude the 
alternative hypothesis. Our results with NMSP, however, require on the 
depletion hypothesis, rejection of the view that it is a hormone antagonist 
and the postulation either that it stabilises the essential substance or sub- 
stitutes for it in metabolism. It is desirable that other 'anti-auxins’ should be 
tested for their effects on the duration of activity of root tip meristems and 
that similar studies, involving NMSP, should be undertaken with Lemna. 


Grateful acknowledgment is made to Mr. B. Cholerton for assistance in the IAA 
and IAN experiments and to Miss D. M. Davies for her skilled assistance throughout 
the work. 


Summary 


1. B-indolylacetic acid (IAA) reduces the survival of main axis meristems of 
excised tomato roots repeatedly subcultured by excision of main axis 
tips. This effect is noticeable at concentrations which do not inhibit 
growth but becomes more marked at inhibitory concentrations. ß-indolyl- 
acetonitrile (IAN) supplied at concentrations equally inhibitory to growth 
has little or no effect on survival. 


1Ù 


The growth response of excised tomato roots to a-(1-naphthylmethyl- 
sulphide)-propionic acid (NMSP) takes the form ofan optimum curve. 
Marked growth stimulation occurs at the optimum concentration. During 
repeated subculture the optimum NMSP concentration increases and the 
roots become more resistant to inhibition by supra-optimal NMSP con- 
centrations. Roots which have been inhibited by supra-oplimal con- 
centrations of NMSP show a marked increase in growth when carried 
into a further passage in standard medium. 

3. NMSP, at appropriate concentrations, markedly enhances both the growth 
and survival of roots cultured in 3 per cent sucrose medium. 

4. Evidence is presented to support the view that the effects of NMSP on 
growth and survival are not explicable in terms of an NMSP—IAA inter- 
action. 

5. The hypothesis is advanced that the retardation of growth and cessation 

of meristematic activity occurring when excised tomato roots are repeatedly 

subcultured in standard medium is due to the accumulation at the apex 
of some natural hormone to a critical supra-optimal concentration. Com- 
parison is drawn between the behaviour of excised tomato roots during 
repeated subculture and the ‘ageing’ and ‘rejuvenation’ occurring within 


a growing Lemna colony. 
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Introduction 


In a previous publication (Hasman, 1953), the physiological effect of 
6-aminoundecane-HCl (6-A.U.) and di-in-amylacetic acid (D-n-A.A.) on the 
water uptake of potato tissue was studied. As was pointed out in that paper 
these substances are »synthetic growth regulators» with a branched lipo- 
philic chain, containing in the centre of the molecule an amino group or a 
carboxylic group respectively. 

The results then obtained revealed that 6-A.U. had an inhibiting. and 
D-n-A.A. a stimulating effect on the process of water uptake. According to 
these findings, it was thought that under the action of the applied compounds 
some changes occur either in the suction potential or in the permeability of 
the tissue. 

It will, therefore, be the task of the present study to put this assumption 
to the test. 


Experimental Part 
I. Measurements of water absorption, suction potential 
and water permeability 
Material and Method 
In the measurements of this section the osmotic water exchange between tissue 


and medium was determined gravimetrically. As a suitable experimental object the 
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parenchyme of white potato tubers (Solanum tuberosum) was chosen, because of its 
homogeneity and the negligible volume of its intercellular spaces (Boswell and 
Whiting, 1940). 


Preparation of the Material 


Using a cork borer of 8 mm. diameter, cylinders were punched out from the 
potato tubers in an axial direction and then sectioned to discs of 5 mm. thickness 
with a Gillette blade and a brass pattern of 8 mm. bore and 5 mm. height. 

In order to clean the cut surfaces, the pieces were well washed under running 
tap water for 5 minutes, and then rinsed several times with dist. water. After this 
preparation, the discs were carefully blotted with soft filter paper. In this procedure 
special care was taken to apply a light and constant pressure; because, according 
to Baptiste (1935), Reinders (1938) and Ashby-Wolf (1947) the results of such 
gravimetric determinations depend considerably on the force applied upon the 
material. 


Determination of water absorption and suction potential 


The samples thus prepared were divided into two equal lots (70 pieces per grada- 
tion) and weighed in closed weighing glasses upon an analytical balance. The 
weighed samples were transferred into 250 ml.-Erlenmeyer flasks of » Jenaer Geräte 
Glas G 20» containing 150 ml. dist. water or 150 ml. equimolar solutions of 6-A.U., 
or of D-n-A.A., according to the experimental purpose. To keep the tissue in an 
aerobic condition, an electric compressor bubbled air continuously through the 
liquids as described in several previous papers (cf. Brauner et al. 1940; Hasman 
1943, 1949, 1953). During the exposure which lasted 3 hrs. the container stood in 
an electric thermostat, adjusted to 25.0° C. At the end of this time the pieces were 
dried as described before and weighed again. The differences between original and 
final weight were calculated as percentage water uptake. After this pre-treatment the 
suction potential (S.P.) and the water permeability (P,,) of the tissue was measured. 

The pre-treated samples were uniformly distributed into small weighing glasses, 
usually 10 pieces per gradation; only the first step (0.00 M) of the initial S.P.-series 
comprised 40 pieces, because these samples were later used for the final S.P.-deter- 
minations of the tissue. The material thus prepared was weighed on an analytical 
balance and then transferred into a sucrose concentration series covering the range 
from 0.00 to 0.15 M in gradation of 0.05 M. The solutions were prepared with pure 
commercial sugar according to volume molarities. For the controls dist. water was 
used as a solvent; for the 6-A.U.- and D-n-A.A.-series, equimolar solutions of these 
compounds. The same solvent also was used for the dilution of the respective 
gradations. 

Small Erlenmeyer flasks served as containers, they were filled with 30 ml. of the 
test solutions, except for the first, 40 pieces-gradation of the initial S.P.-series which 
was given 120 ml. in order to keep the proportion between material and solution 
unchanged. The samples were exposed to the test solutions 1.5 hrs. for the initial, 
and ei hr. for the final S.P.-determination, the temperature being kept constant at 
25.0 C. Then, at the end of this exposure time the pieces were blotted and weighed 
as before. The changes were calculated as percentages of the original fresh weight, 
and were plotted against the atm.-equivalents of the corresponding gradations. The 


intersection points of the curves thus obtained indicate the S.P. of the tissue in 
atmospheres. 


THE EFFECT OF 6-AMINOUNDECANE AND DI-N-AMYLACETIC ACID 233 


Calculations of the relative water permeability 


In order to compare the effects of 6-A.U. and D-n-A.A. on the water permeability 
of potato tissue use was made of the method applied already in my previous studies 
(Hasman 1943, 1949). To simplify the procedure this time only the entrance P,, 
was considered. The necessary determinant factors were obtained as follows: 

a) The amount of water absorbed during the time of exposure was determined 
from the gain in weight in the sugar-free gradations of the dist. water-, 6-A.U.- and 
D-n-A.A.-series respectively. 

b) From the initial suction potential (S.P.;) and its final value (S.P.;), measured 
after 90 min., the mean value 1/2 (S.P.;+S.P.;) was calculated. From these values 
the relative entrance water permeability (Pw,,) was obtained as follows: 


__ Water exchange in °/o during 1.5 hrs. 
1/2 (SB SB.) } 


Pw 


Water Uptake 


In order to verify the water absorption values obtained in the previous 
research (Hasman, 1953), the main determination were repeated with that 
concentration of 6-A.U. and of D-n-A.A. which then had produced the most 
characteristic effect: 2.5 X10-5 M. In addition the acid was also applied at 
high dilution: 10-° M. The results obtained are given in Table 1 and in 
Figure 1 as percentages of the gain in weight in pure water. 

It is seen that the values for 6-A.U. are in good agreement with the cor- 
responding results obtained one year ago (Hasman, 1953 table 1 and 2), 
indicating a drastic inhibitory effect on the water absorption. The influence 
of D-n-A.A., however, which then was a pronounced promotion, this time, 
though being again in the same direction, hardly exceeds the mean error of 


the measurements. 


Table 1. Water uptake and S.P. of potato parenchyme, «s influenced by 6-A.U. and 
D-n-A.A. Water uptake values as percentages of water controls. Size of tissue cylinders: 
S mm. 8%5 mm. 10 pieces per gradation. Average of 10 experiments. T=25.0° C. 

(26.X1.1952/29.1.1953). 
es 


6-A.U. | D-n-A.A. 
Treatment A men Soni = wer CT a | 
| water ER ei: water Ben | water 2.5 10—5 M 
‚ control 25 lei, control! EN control ox 
3 hrs.-9/0 water upt. | — 90.84 + 0.81 — 102.00 41.86) — 1100.92 + 1.98 
| 
after pre- 'S.P.i (atm.)) 127.6 1.86 2.81 | 2.67 2.40 2.24 
treatment. S.P.r (atm.)| 2.07 1.80 2.82 2.63 2.38 2.04 
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Figure 1. Relative water uptake of potato tissue from: 
a: D-n-A.A. 10-9 M 

b: D-n-A.A. 2.5x10-° M 

c; 6-A.U. 2.51055 M 


Values percentages of water controls. 


Suction Potential and Water Permeability 


After thus having verified the basic effect an analysis of its causes could 
be attempted. As it was mentioned in the introduction among the possible 
primary effects produced by the active substances the most likely seem to be 
changes in the water permeability and/or in the osmotic potential of the 
tissue. Therefore, in the following experiments correlated S.P.- and 
P,-measurements were carried out taking the mean S.P.-values used in the 
P,-calculation (c.f. p. 233) as the expression of the osmotic changes in the 
tissue. 


In table 1 the relevant determinants are compared. The S.P.-values in the 
6-A.U.-series first show a slight increase, later a drop as compared with the 
controls. On the other hand, in the D-n-A.A. experiments invariably a 
decrease of S.P. develops. 


Turning now to the second factor of the water uptake, i.e. the water 
permeability, the figures tabulated below show its magnitudes as calculated 
from the corresponding water uptake- and S.P.-values. 


As each of these figures is the result of 3 independent determinations the 
mean error in this series appears unsatisfactorily high. Nevertheless, it seems 
permissible to conclude that both the amino compound and the acid do 
increase the P, of the tissue and that this increase is even more pronounced 
in the case of 6-A.U. This latter result is quite unexpected, because’ both com- 
pounds affect the intensity of the water uptake inversely. If in these experi- 
ments the water permeability were actually in control of the uptake process, 
in the case of 6-A.U. one ought to expect an enhancement of the water 
absorption, whereas actually the opposite reaction was observed. 


In the D-n-A.A.-series the increase of P,, though not so striking conforms, 
in direction at least, with the concomitant slight promotion of the water 
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Table 2. Effect of 6-A.U. and of D-n-A.A. upon the entrance water permeability, calculated 
as percentages of P. in dist. H3O. Average of 10 experiments. T=25.0° C. 


TE eee 


SAU. D-n-A.A. | 


| 25X10-5M | 10-6M | 2510-5 M 
SA eal I Eee a 
| 


| 111.85 -- 16.97 107.90 + 8.44 | 106.73 + 5.68 


uptake. Thus, in this case a causal relation between these two effects is not 
to be excluded. 

The results of this series are far from supplying a satisfactory solution of 
the problem. In order to arrive at a better understanding of the whole situa- 
tion in the following experiments an attempt will be made to investigate the 
effect of both compounds upon the semipermeability of the protoplast by 
determining the velocity of exosmosis of a large organic molecule contained 
in the cell. As such anthocyanin was chosen whose diffusion could easily 
be measured colorimetrically. 


II. Colorimetric measurements of the anthocyanin exosmosis 


As an experimental object for this purpose red beet roots (Beta vulgaris 
rapa, f. rubra) were used which had proved very suitable for permeability 
studies of this kind already in earlier experiments by Veldstra and Booij 
(1949). Brauner (1943) who investigated the pH effect upon the water 
absorption of different parenchymes found the tissue of Beta to be much 
more reactive than that of potato. 

The anthocyanin present in the Beta root was analysed by Pucher (1938). 
It is the nitrogen containing anthocyanin monoglycosid Betanin whose mole- 
cular weight can be computed from Pucher’s data as ~ 553. 

Besides the exosmosis of anthocyanin the water absorption of the lissue 
was also measured, and as an indication of the respiratory process involved 
the trend of pH in the ambient medium was determined. 


Preparation of the material 


With a 8 mm.-cork borer axial cylinders were punched out from several beet 
roots, and then sectioned with a Gilette blade and a brass pattern to discs of 2.5 mm. 
thickness. 

For the present purpose thinner discs had to be used than for the previous gravi- 
metric determinations, in order to secure a sufficiently large diffusion surface. 

The discs thus prepared were well mixed and, in order to remove the content of 
the opened cells on the wound surfaces they first were thoroughly rinsed with 
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40 


Figure 2. Anthocyanin exosmosis 
from beet root tissue under the 
effect of several concentrations 
of 6-A.U. and of D-n-A.A. 
Ordinate: relative anthocyanin 
concentration. 

Abscissa: Time. 

Notations: 

list H°0 

: 10—6 M D-n-A.A. 

: 10-5 M D-n-A.A. 

22.3%10Z% MDR AR. 

21032 MACE 

225510252 ARE 


conc. 


20 


Ww 


H Co 


ao © 


several changes of dist. water and then were left in the last change for one hour 
3.95.00 

After this procedure the material was carefully blotted with soft filter paper and 
divided into three equal lots of 50 pieces each. Then, the samples were weighed 
in closed weighing glasses upon an analytical balance to full milligrammes. The 
material thus prepared was filled into 250 ml. Erlenmeyer flasks of »Jenaer Geräte 
Glas» containing 100 ml. equimolar solutions of 6-A.U. and of D-n-A.A. respectively. 
A third bottle filled with pure dist. H,O served as a control as in the previous 
experiments. The containers were well aerated as described before and were kept in 
a dark thermostat at 25.0° C. for 4 hours. At the end of this time the material was 
blotted and weighed again in order to determine the water uptake. At the beginning 
and at the end of each experiment the pH value of the medium was determined 
electrometrically using a glass electrode. The amount of anthocyanin given off by 
the tissue was measured every hour by means of a photoelectric Lange-colorimeter 
using green light transmitted through the Schott-glass filter VG, (maximum of 
transmission 525 mu). The anthocyanin concentrations corresponding to the observed 
absorption percentages were read from a standard curve, determined with a linear 
dilution series of beet root cell sap. The necessary standard sap was obtained from 


frozen and then quickly tawed tissue. Its undiluted anthocyanin content was taken 
as the concentration »100». 
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First the effect of several concentrations of both compounds upon the 
anthocyanin exosmosis was determined. The measurements were made after 
different periods of time under comparable conditions. The values obtained 
are represented in Figure 2. 

As the trend of the curves shows, the presence of D-n-A.A. has practically 
no effect on the anthocyanin permeation. In the concentrations tested the 
exosmosis values remained very low and they did not differ significantly 
from those in the water controls. From these results it can be inferred that 
D-n-A.A. does not inpair the semi-permeability of the protoplasts. Even in 
the highest gradation tested (2.5X10 ° M) the tissue remained perfectly 
unaltered. 

The results with 6-A.U. revealed very different conditions: there, in con- 
trast to the situation with the acid, the increase of concentration and the 
prolongation of the exposure time drastically enhanced the diffusion of the 
anthocyanin into the ambient medium. In the 10°? M-gradation its amount 
had risen after the first hour to 7.7 per cent, and after the 4th hour, to 
17.6 per cent of the maximum. In the highest 6-A.U.-gradation (2.5 <10.~° M) 
the effect was much more pronounced, the 1 hr.- and 4 hrs-exosmosis values 
having risen to 26.4 per cent and to 60.5 per cent respectively. 

These figures demonstrate that 6-A.U. has a strong destructive effect on 
the semi-permeability of the tissue and that this effect rapidly increases as 
the concentration rises (Figure 2). 

The results obtained with both compounds are in good agreement with 
Veldstra and Booij’s experiments (1949, Figure 20), who also found 6-A.U. to 
be much more active in the beet test than D-n-A.A. It will be remembered 
that the synergistic effect of both compounds on growth substances in the 
pea test was in the reverse order. 


Measurements of the water uptake 


In further experiments the effect of 6-A.U. and of D-n-A.A. upon the water 
uptake of the beet tissue was examined. The method used was the same as 
in the previous potato series. The results are expressed as percentages of the 
water controls and are represented diagramatically in Figure 3. 

As the figure shows, the general trend in this series is, qualitatively, in 
agreement with the results obtained with potato: as was the case there 
6-A.U. inhibits and D-n-A.A. promotes the process of water uptake. This 
time, however, the effect of both compounds in all gradations is much more 
pronounced. Apparently this behaviour is due to the higher sensitivity of the 
red beet tissue to agents affecting the permeability (cf. Brauner, 1943). 
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Figure 3. Relative water uptake of beet tissue from: 


a: 10-5 M 6-A.U.: 76.5 °/o of water control 

b: 10-8 M D-n-A.A.: 111.3 °/o of water control 

c: 10-5 M D-n-A.A.: 113.4 %/o of water control 

d: 2.5X10—5 M D-n-A.A.: 135.9 °/o of water control 


The results obtained are of satisfactory significance:’in 2.5X10°° M acid 
the absorption quotient is 135.9+11.3, in 10°° M it is 113.4+4.5 and in 
6-A.U., 76.5 = 12.2. 

On the other hand, the effects of the two lower acid concentrations, 
10-° M and 10~° M, differ surprisingly little. Thus the drastic rise of absorp- 
tion in 2.5<10~° M shows that the effect of higher concentrations is unpro- 
portionally strong. 


The effect of the tissue upon the pH of its medium 


The last experiments of this study examine the effect of the beet root 
tissue upon the pH-conditions in the ambient medium. The purpose of this 
measurements was to obtain some information about the influence of the 
tested compounds upon the respiratory mechanism of the absorbing cells. 

The determinations were carried out as described in my previous paper 
Hasman (1953). First the initial pH of the experimental solutions was 
measured immediately after their preparation. The second reading was taken 
after the tissue had remained in the solutions for 4 hours. 

The results obtained are given in table 3. 

As it is seen from this table in all media a marked rise of pH develops, 
conforming with the effect of potato tissue in my previous experiments (Has- 
man, 1953). As the causes of this reaction have already been discussed at 
length (l.c., p. 194), it may suffice to stress the fact that both compounds, 
though affecting the semi-permeability of the tissue very differently do not 


produce any metabolic changes altering the normal shift of pH in the 
medium. 
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Table 3. Trend of pH in aerated 6-A.U. and D-n-A.A. solutions containing 50 cylinders of 

beet tissue per 100 ml. Size of the cylinders: 8 mm. GX 2.5 mm. Exposure time 4 hrs. 

Tissue previously rinsed 1 hr. in aerated dist. water. T=25.0° C. Mean of 5 experiments. 
(5—13.V.1953). 


; | 6-A.U. | D-n-A.A. 
z 2 EEE IE ni ET 
| Conc. (M) SE rn | uss Se ea 
| Initial After 4 hrs. | Initial After 4 hrs. 
| dist. H,0 ee nee 5.7 6.8 | 5° 6.8 
1 x 10—? en een 5.6 6.8 6.0 7.0 
Zoe 10 5.8 6.5 6.1 al 
Summary 


1. In the present investigation an attempt is made to analyse the physio- 
logical changes responsible for the reverse effect of 6-aminoundecane 
(6-A.U.), and of di-n-amylacetic acid (D-n-A.A.) upon the water absorption 
by plant parenchymes. For this purpose the trends of the two main factors 
of the water uptake, suction potential and permeability, were determined. 

As experimental objects potato tubers and red beet roots were used. 

2. Water absorption, suction potential and water permeability were 
measured gravimetrically; changes in semi-permeability (exosmosis of antho- 
cyanin), colorimetrically. 

3. In both potato and beet root 6-A.U. reduces the water absorption; 
D-n-A.A. promotes it in beet roots considerably, in potato, slightly. 

4. In the potato experiments D-n-A.A. called forth a distinct decrease of 
S.P. The effect of 6-A.U. was less clear, appearing first as an increase, later 
as a decrease of S.P. Considering this trend it was thought unlikely that the 
observed changes in water-uptake could be attributed to S.P.-factor. 

5. Both compounds increased the water permeability of potato tissue. 

6. 6-A.U. drastically increased the anthocyanin exosmosis from beet 
root tissue, while D-n-A.A. had no effect on this process. It seems that 6-A.U. 
particularly in higher concertrations, causes a virtual break down of the 
semi-permeability of the cells, whereas D-n-A.A. leaves the selectivity of the 
boundary layers intact. 

7. In the beet root experiments the trend of pH in the ambient medium 
during the anthocyanin exosmosis was measured. It appeared that the rela- 
tive alkalization developing in aerated dist. H,O-cultures was not altered 


by either 6-A.U. or D-n-A.A. 


In conclusions, the writer wishes to express her sincere thanks to Prof. L. Brauner 
for many helpful discussions, and to Dr. Veldstra for having kindly provided pure 
samples of 6-A.U. and D-n-A.A. 
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MÜRÜVVET HASMAN 


References 


Ashby, E. & Wolf, R.: A critical examination of the gravimetric methods of deter- 
mining suction force. — Ann. of Bot. 11: 261. 1947. 

Baptist, E. C. D.: The effect of some cations on the permeability of the cell to water. 
— Ann. of Bot. 49: 345. 1935. 

Boswell, J. G. & Whiting, G. C.: Observations on the aerobic respiration of potato 
tubers. — Ann. of Bot. N.S. 4: 257. 1940. 

Brauner, L., Brauner, M. & Hasman, M.: The relations between water intake and 
oxybiosis in living plant tissues. — Rev. Fac. Sc. Univ. Istanbul V/B: 266. 1940. 

— — Studies in the relations between water permeability and electric charge in 
membrane models and in living plant cells. — Rev. Fac. Sc. Univ. Istanbul 
VIII/B: 264. 1943. 

Hasman, M.: A study of the shape of the determinant curve in measurements of the 


suction potential in plant tissues. — Rev. Fac. Sc. Univ. Istanbul VIII/B: 167. 
1943. 
— On polar water movement in osmotic systems. — Rev. Fac. Sc. Univ. Istanbul 


DVB 7 hy NEB), 

— Investigations of the water exchange of potato tissue under the effect of 6-amino- 
undecane and Di-n-amylacetic acid. — Physiol. Plant. 6: 187. 1953. 

Pucher, G. W., Curtis, L. C. & Vickey, H. B.: The red pigment of the root of the beet. 
I. The preparation of Betanin. — J. of Biol. Chem. 123: 61. 1938. 

Reinders, D. E.: The process of water-intake by discs of potato tuber tissue. — Proc. 
K. Akad. Wet. Amst. 41/7: 820. 1938. 

Veldstra, H. & Booij, H. L.: Researches on plant growth regulators. XVII structure and 
activity. On the mechanism of the action III. — Bioch. et Biophys. Acta. 3: 278. 
1949. 


PHYSIOLOGIA PLANTARUM, VOL. 7. 1954 


Studies on Plant Growth Regulators. IX. Para-alkyl-phenoxy- 
acetic and -propionic Acids, and Some Related Derivatives 
of Naturally Occurring Phenols 


By 
BORJE ABERG 


Institute of Plant Physiology, Royal Agricultural College, Uppsala 
(Received December 17, 1953) 


Introduction 


The introduction of a »bulky» alkyl substituent in the side chain of an 
auxin has newly been shown to cause a reversal of its physiological character, 
the product showing mainly antiauxin properties (4,13). The introduction 
of a methyl group in para position in phenoxy-acetic acid is, on the other 
hand, known to impart a slight auxin activity to the product, the mother 
substance being weakly antiauxinic, and the same thing occurs when the 
methyl group is attached to the a-carbon atom of the side chain (3, 4, 6). In 
this latter case the auxin activity is, consistently with the rule first mentioned, 
abolished again by further increase of the size of the alkyl substituent to iso- 
propyl or n-valeryl (4), and in the present study it will be shown that the 
same is principally valid for the para-alkyl substituted phenoxy-acetic acids. 

In connection with these studies the phenoxy-acetic acids derived from 
eugenol, iso-eugenol, thymol and carvacrol have been tested. The first three 
acids turned out to be antiauxins, while the last one is a substance occupying 
an intermediate position between the typical auxins and the antiauxins, as 
is also the para-methyl- and para-ethyl-phenoxyacetic acids. 

The substances used have been synthesized and kindly put at my disposal 
by Prof. A. Fredga (No. 5—10, 12--17) and by Dr. M. Matell (No. lice A) 
both of them I tender my best thanks. In the following list abbreviations for 
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some further substances used in the combination experiments or otherwise 
mentioned have also been included. pC;, is the negative logarithm of the 
molar concentration needed for 50 per cent inhibition in the flax root test. 
1) POA: phenoxy-acetic acid, CH; : O : CH, : COOH. Weakly antiauxinic 
(3, 4), pC,9=3.42. 
2) POP: a-phenoxy-propionic acid. Racemic mixture (r, pC;)=5.65) and 
D-(+)-form (pC;,=5.89) weakly auxinic, L-(—)-form inactive (pC55)= 
3.96) (3,4). 


3) POiB: a-phenoxy-iso-butyric acid. Antiauxinic, pC;)=3.50 (3, 4). 
4) POC: a-phenoxy-n-caproic acid. Both forms antiauxinic (4). 
5) 4-Me-POA: 4-methyl-phenoxyacetic acid, CH; - C,H, : O : CH, COOH. 


4-Et-POA: 4-ethyl-phenoxyacetic acid, CH; : CH, : CH, : O : CH, : COOH. 
4-Et-POP: a-(4-ethyl-phenoxy)-propionic acid. 

4-iP-POA: 4-iso-propyl-phenoxyacetic acid, (CH;),CH C,H, : O : CH, : 
COOH. 

10) 4-iP-POP: a-(4-iso-propyl-phenoxy)-propionic acid. 

11) 4-tB-POA: 4-tert-butyl-phenoxyacetic acid, (CH;),C : CH, : O : CH; : 
COOH. 


) 
) 
) 
6) 4-Me-POP: a-(4-methyl-phenoxy)-propionie acid. 
) 
) 
) 


12) 4-tB-POP: a-(4-tert-butyl-phenoxy)-propionic acid. 

13) Cr: carvacroxy-acetic acid, 2-CH,;-5-(CH;) .CH-C,H; * O : CH, - COOH. 

14) Th: thymoxy-acetic acid, 2-(CH;),CH-5-CH,-C,H,; -O- CH, - COOH. 

15) CITh: chlorothymoxy-acetic acid, 2-(CH,),CH-4-Cl-5-CH;-C,gH, : O- 
CH, : COOH. 

16) Eu: eugenoxy-acetic acid, 2-CH,0-4-CH, : CH : CH,-C;H, : O - CH, : 
COOH. 

17) leu: iso-eugenoxy-acetic acid, 2-CH,0-4-CH, : CH : CH-C,H, : O : CH, : 
COOH. > 

18) 2,4-D: 2,4-dichloro-phenoxy-acetic acid. pC;)=7.37. 

19) 2,6-D: 2,6-dichloro-phenoxy-acetic acid. 

20) 2,4,6-T: 2,4,6-trichloro-phenoxy-acetic acid. 

21) IA: 3-indolyl-acetic acid. pC;,=8.09. 

22) PA: phenyl-acetic acid. Weakly auxinic, pC,,=5.66 (3, 4). 

23) yPB: y-phenyl-butyric acid. Intermediate type, pC:9=5.42 (3, 4). 

24) 1-NMSA: 1-naphthylmethyl-sulfide-acetic acid, C,H; : CH, : S : CH, : 
COOH. Antiauxinic, pCs9=4.1 (2, 4). 

25) 1-NMSP: a-(1-naphthylmethyl-sulfide)-propionic acid. Antiauxinic, 


pC59=3.9 (1, 2, 4). 
All tests have been made with young flax seedlings in solution culture 


(25° C, 0.667 mM Na,HPO,+6 mM KH,PO+5 mM Ca(NO,),, pH 5.9) as 
earlier described (1, 4). 
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Table 1. Statistical data for some average G-values. G=relative growth values (control = 

160). N=number of independent experiments. M(G)=un-weighted mean of the G-values 

from different experiments, with its standard error (o//N—1). o=the standard deviation 

(root-mean-square deviation taken from the mean) with its standard error (o1y2 N). v=the 
coefficient of variation (100 o/M). 


Th 
| | 


Substance | Molarity Period | N M(G) 9 | v 
1-NMSA _...| 10—6 | 1950—51 11 118.9 + 1.5 | 4.8 + 1.0 4.0 
I-NMSP … 10-6 1950 —51 15 108.0 + 0.7 | 2.6 + 0.5 2.4 
» Er 10-4 | 1950—53 27 105.3 21.4 173-210 7.0 
BOB... 10—$ Nov.—Dec. 51 | 8 100.1 #08 | 2.1 4 0.5 31 
SER 10-5 > 51 8 1043.210 12607) 25 
EINEN 10-4 51 8 80.7 524,64 421.6 7.1 
(+)-POC ... 10-5 | | 8 96.1 + 1.8 | 4.6 + 1.2 4.8 
-)-POGC.... 10-5 |} March— July 1953 | 10 95.9 + 1.4 | 4.2 E09 4.4 
POU 2. 10— || Pig stoi 21614745111) 24 
SED... 10-3 1950—51 | 9 O15 08 24505) 24 
Br 5 X 10-8 1950—52 | 15 4281723185116) 19.9 
LRO 107) 1950 1500917205118 503 8.4 
HUREN 10-7 1951 50277224 203120202 8.7 
eh 10-0 1952 | TD | WHO | 3:081209 132 
RER 10-7 1950—52 1 2439021523 320.2725 0.0 11.2 


In order to give an idea of the accuracy of the method some statistical 
data have been compiled in table 1. The examples chosen are those repre- 
senting a fairly high number of independent experiments (N). Previously 
the number of tubes (n) represented by each value has usually been given. 
As 3—4 tubes are normally used for each concentration n will be equal to 
c. 3.5 N. The means of table 1 are unweighted, while those presented in all 
other tables are weighted with respect to the n-values of the different experi- 
ments, and this may naturally cause slight deviations. 

The coefficient of variation (v) does apparently vary with the degree of 
inhibition. The minimum values are found for points situated in the flat 
optimum range of the action curves (v—2—4). When a curve begins to turn 
downwards, v immediately increases, and it reaches the maximum values for 
points situated in the range of the steepest decline (e.g. 5X10-* M 2,4-D). 
This may indicate that the variation is largely due to fluctuations in the sensi- 
tivity of the roots. For very low G-values the errors of measurement (each 
individual root measured to the nearest millimeter) may naturally become 
important, too. 


Experimental Results 


The effects of the eight 4-alkyl-phenoxy-acetic and propionic acids are 
summarized in table 2, and some of the action curves are visualized in 
figure 1. Apparently there is a tendency for the a-propionic acids to exert 
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Figure 1. Effects of some phenoxy compounds on the root growth of flax seedlings. Root 

growth in per cent of control (G) plotted against a logarithmic concentration scale 

(M=mole per litre). Me designates the 4-methyl-phenoxyacetic (——) and the a-(4-methyl- 

phenoxy) -propionic (- - - - - ) acids, Et the corresponding 4-ethyl derivatives, and iP the 

4-iso-propyl derivatives. Cr is carvacroxy-acetic acid, Th thymoxy-acetic acid, Eu eugenoxy- 
acetic acid, and Jeu iso-eugenoxy-acetic acid. See further tables 2 and 3. 


a somewhat stronger inhibiting effect than the corresponding acetic acids. 
The difference is, however, only slight (about two times) and does by far 
not. reach the magnitude observed for the unsubstituted phenoxy-acetic and 
a-propionic acids (r-POP at least 200 times stronger than POA, see publ. 3 
and 6). This is largely due to a surplus in the activity of the substituted 
acetic acids over that of POA which is at a maximum for 4-Me-POA, but 
also to a lowered activity of the propionic acids which is most pronounced 
for those with the largest para-substituents. As the propionic acids have not 
yet been resolved into their optically active components a more thorough- 
going analysis of this phenomenon is not possible. There may easily be a 
very conspicuous difference in the physiological effects of the antipodes of 
4-Me-POA, and it seems rather probable that this difference should gradually 
vanish with increasing size of the para-substituent and decreasing auxin 
activity of the racemic mixture, in analogy with the change observed in 
some series of substances with bulky substituents in the side chain (4, 13). 

The root growth inhibiting activity of 4-Me-POA is not very far from that 
of PA (pC;)=5.16 and 5.66 resp.) and can be judged as auxinic in nature. 
The growth inhibition is thus strongly counteracted by the auxin antagonist 
1-NMSP (tables 5 and 9), and the substance is known to exert a weak positive 
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Table 2. Effects of some 4-alkyl-phenoxy-acetic and -propionic acids upon the growth 
inhibition caused by 2,4-D. G’=relative root growth (growth in 10-7 M 2,4-D=100), average 
values from table 6. For comparison the growth in absence of 2,4-D (G=growth in per 
cent of control) is also included in the table (the exponential figures indicate the number 
of tubes, each with 14 seedlings, represented by each G-value; all available data included). 
pCso is the negative logarithm of the molar concentration causing 50 °/o growth inhibition. 
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Table 3. Effects of some phenoxyacetic acids derived from naturally occurring phenols 
and some chloro-phenozyacetic acids upon the growth inhibitions caused by 2,4-D. Values 
presented as in table 2. G’: average values from tables 6, 7, and publ. (5). 


Gone, Ml Eu. |. leu. |. Ce Th | EITh || 22,6-D | 2,4,6-T 
10-6 — — — — 251 | — | 150 
|) 3x 10-8 — — 12 | = | ae | so Oft 
G 4 10-5| 195 217 136 | 282 | 411 190 302 
| 310-3 310 | 442 = — | 439 = = 
10-+| 395 473 — | 280 m Ned 
10-51 101.59 1 107.41 95.414 | 98.69 101.916 | 98.216 95.71 
13% 10-65, 100.39 | 109.314 76.12 — | 100.96 95.62 88.68 
| 10-3: 104.116 | 110.7% 46.435 95.621 | 97.924 84.024 77,21 
G 313% 10-3! 107.018 | 110.1% 18.820 90.212 | 94.323 53.68 64.816 
| 10-41, 90.0!6 |, 95.69 9.28 76.520 | 52.78 | 24.88 46.016 
Poe fis 10-4| 7737 | 83.8 = |) agar eh eh = 
| | 10-30 Basen 3218 22) sors u | (a 
Bra 3.2 3.2 505 3.52 3.99 94.18 U A 


Table 4. Effects of some substituted phenoxyacetic acids upon the growth inhibition caused 
by IA. Relative root growth (G’) (growth in 210-8 IA=100). Average values from table 8. 
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Table 5. Effects of 1-NMSP upon the growth inhibitions caused by different auxins. 
G’=relative root growth in auxin +10-5 M 1-NMSP (growth in pure auxin=100); average 
values from table 9 and from publ. (3). G=relative root growth in auxin alone (con- 


trol=100). 
oe Se 
| 24D | PA | op y9—s{tMe-POA/+-Me-POA/4-Et-POA] Cr | Cr | 
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activity in the Avena cylinder test (about 0.05 per cent of that shown by 
IA, 11). That it is, however, qualitatively different from a weak auxin of the 
PA type appears from the combination experiments with 2,4-D (tables 2 
and 6). Here 4-Me-POA exerts a slight restorative effect when applied in 
concentrations which are strongly inhibiting in separate use, while the 
inhibiting effects of PA are added to those of 2,4-D (3). On the other hand 
there is a striking similarity between the effects of 4-Me-POA and yPB. (3) 
both when tested in combination with 1-NMSP and with 2,4-D. It seems also 
natural to apply the same tentative explanation to the behaviour of both 
substances: they occupy an intermediate position between the typical auxins 
and the typical antiauxins, the physiological activity of the receptor-regulator 
complex being considerably lowered but not wholly absent. 

In 4-Et-POA the auxin component of the activity is certainly much 
weakened. The root growth inhibition, which need not be a pure auxin effect, 
is only slightly counteracted by 1-NMSP (tables 5 and 9), but instead the 
antiauxin effects of this substance are considerably more pronounced than 
those of 4-Me-POA (tables 2 and 6). 

With further increase in size of the para-substituent the antiauxin activity 
apparently reaches its maximum in 4-iP-POA, which substance also causes 
a fairly conspicuous stimulation of the root growth when used alone in a 
concentration of 10-°—10-% M. At this stage also the propionic acid 
(4-iP-POP) is found to exert a strong antiauxin activity, and for the tB-deriva- 
tives there is no certain difference between the acetic and the propionic acid 
in this respect. 

4-iP-POA and 4-tB-POA have also been tested in combination with IA, 
and are found to exert a conspicuous restorative effect (tables 4 and 8). 

If we now turn our attention to the derivatives of naturally occurring 
phenols, it is apparent that the eugenoxy-acetic acid (Eu) and the iso-eugen- 
oxy-acetic acid (leu) are both structurally and physiologically related to 
substances of the 4-iP-POA types. The ortho-methoxy group may contribute 
a little to the antiauxin activity: 2-methoxy-phenoxyacetic acid is known 
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Table 6. Effects of some substituted phenoxy-acetic and -propionic acids upon the root 

growth inhibition caused by 2,4-D. The growth of the control roots (C) is given in mm/ 18 h. 

All other values are relative and expressed as per cent of C. They are normally averages 

for 4 tubes, each with 14 seedlings; in single cases only 3 tubes were used. 3x10-5 M 
4-iP-POA and 4-tB-POA were tested simultaneously. 
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to exert a slight restorative effect upon 2,4-D-inhibited roots (unpublished 
experiments), and has been reported to be inactive in the Avena cylinder 
test (11). The bulky para-substituent is, however, certainly the main agent 
causing the fairly strong antiauxin effects of these molecules. It is interesting 
to note that the effect of Ieu is significantly stronger than that of Eu both 
in counteracting 2,4-D and in stimulating the root growth when used alone. 
As this difference is caused only by a shift of position of the double bond 
in the para-substituent, it appears that this group must probably influence 
the affinity of the growth regulator molecule for the hypothetical auxin 
receptor in the protoplasın. 

The carvacroxy- (Cr) and thymoxy-acetic (Th) acids, on the other hand, 
represent substances of another type. Their physiological differences from 
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Effects of some further phenoxyacetic acids upon the root growth inhibition 


caused by 2,4-D. Values presented as in table 6. The experiments comprising 10-? or 
3%x10-5 M Eu and leu were made simultaneously. 
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8. Effects of some substituted phenoxyacetic acids upon the root growth inhibition 


caused by IA. Values presented as in table 6. The experiments with 3X 10-° M 4-iP-POA 
and 4-tB-POA were made simultaneously, as were also those with 3X10—5 M Ieu and Th. 
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the unsubstituted phenoxyacetic acid (POA) are probably conditioned mainly 
by the iso-propyl group. When situated in ortho position (Th) it may be 
assumed to interfere with the free movability of the side chain, which is 
thus hindered from reaching the position necessary for auxin activity (cp. 12). 
Both substituents may, however, cooperate in increasing the receptor affinity 
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Table 9. Effects of 1-NMSP upon the root growth inhibitions caused by three substituted 
pheno.yacetic acids. Values presented as in table 6. The experiments with 3X 10-5 4-Me-POA 
and 10-? 4-Et-POA were made simultaneously. 
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over the low level represented by POA, and thus a fairly active auxin 
antagonist will result. 

When situated in meta position (Cr) the iso-propyl group is apparently 
compatible with a slight auxin activity of the molecule. As the 2-methyl- 
phenoxyacetic acid is slightly active in the Avena cylinder test (0.2 per cent 
of the activity of IA, 11), it is, however, not possible to decide if the 5-iP- 
group positively cooperates in causing the auxin activity of Cr. The anti- 
auxin component of the activity of this compound is quite conspicuous, too, 
and thus we once more come across an example of the interesting type of 
intermediary substances previously represented by yPB, 4-Me-POA and 
4-Et-POA (cp. tables 3 and 5). 

The introduction of a chlorine atom in para position in the Th molecule 
apparently causes a considerably augmented antagonistic activity of the 
resulting chlorothymoxy-acetic acid (CITh) against 2,4-D and also against IA 
(tables 3 and 4). As another example of the same phenomenon, data for 
2,6-dichloro- (2,6-D) and 2,4,6-trichloro-phenoxyacetic acid (2,4,6-T) have 
also been included here (tables 3 and 6). In this case an increased antagonis- 
tic activity (receptor affinity) of 2,4,6-T over that of 2,6-D has also been 
found in experiments with Avena coleoptile sections (McRae and Bonner, 8). 
Both CITh and 2,4,6-T are reported as lacking growth-promoting activity in 
the Avena cylinder test by Muir and Hansch (11). 


Discussion 


The unsubstituted phenoxyacetic acid (POA) is known to act as a weak 
antiauxin in root growth (3), and it has newly been shown. to counteract the 
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effects of 4-CI-POA (4-chloro-phenoxyacetic acid) and r-POP in the Avena 
cylinder test, where it also inhibits the residual growth of cylinders without 
external auxin supply (Ingestad, 7). By introducing a methyl group on the 
a-carbon of the side chain the molecule is converted to a weak auxin (6, 7, 
11), the activity of which is restricted to the D-form (3, 4). On the other hand 
the POA molecule may acquire auxin activity by a variety of substitutions 
in the phenyl nucleus, one of the most active being the insertion of a chlorine 
atom in para position (4-CI-POA, cp. 11). The origin of the activity of the 
p-POP molecule is not satisfactorily explained by any of the prevailing 
hypotheses as to the relation between structure and activity, and also the 
strong difference between POA and 4-CI-POA is to some extent enigmatic 
(cp. Burström, 6; Aberg, 4). Quite generally the fitting of 4-CI-POA into a 
multipoint-attachement system may be assumed to be much closer than that 
of POA, and this closeness of fit could then increase the receptor affinity as 
well as the activity of the receptor-regulator-complex (RR-complex). The 
existence of competitive auxin antagonists makes it necessary, however, to 
assume an independent variation of affinity and activity. It is then interesting 
to find that the para-chlorine group may increase the receptor affinity of 
molecules wholly lacking auxin properties (Th, 2,6-D), thereby increasing 
their antiauxin effects. 

In addition to such an effect upon the receptor affinity the chlorine atom 
of 4-CI-POA must, however, change the properties of the RR-complex funda- 
mentally. In Th and 2,6-D the growth activity of the complex could possibly 
be eliminated by blocking of the free movability of the side chain by the 
ortho-substituents, but this can hardly apply to a molecule of the POA type. 
It remains to assume that the position of the phenoxy nucleus within the 
RR-complex is of such a type that the carboxyl group is always improperly 
situated, and that it is the position of the junction between the side chain 
and nucleus which is more favourable in 4-CI-POA (cp. 4). In 4-Me-POA the 
shift to a more effective position of the nucleus would then be uncomplete, 
and the increase in size of the 4-alkyl group would nullify it again, leaving 
the receptor affinity much higher than that of POA, however. 

The 2-iso-propyl-phenoxyacetic acid (2-iP-POA) is reported as inactive in 
the Avena cylinder test, and the 3-methyl-phenoxyacetic acid as very weakly 
active (11). From the analogy with Th, where it very probably is the iso- 
propyl group which generates the antiauxin properties, it can safely be 
assumed that 2-iP-POA is an auxin antagonist also. Only in meta position 
the iso-propyl group would then be compatible with auxin activity (as 
judged from the properties of Cr). In this connection it is interesting to note 
the activity of meta-nitro-phenoxyacetic acid as compared to the inactivity 
of the ortho- and para-derivatives (Veldstra, 12). The last compound has 
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newly been found to exert fairly strong antiauxin effects in the flax root 
test (unpublished experiments). It must be left for further consideration, 
however, if there is anything more than a superficial analogy between the 
iso-propyl- and the nitro-phenoxyacetic acids. 

Most antiauxins show a conspicuously weaker restorative effect when 
tested against IA-inhibited roots than that found for 2,4-D-inhibited roots (4). 
A glance on tables 2, 3 and 4 will show that this applies to the present sub- 
stances as well. The reason for this phenomenon is not yet quite clear, but 
partly the less steep slope of the IA action curve as compared to that of 
2,4-D (3: figure 1) may be responsible. 

In their recent studies on coleoptiie section growth McRae and Bonner 
(8, 9, 10) have found that under proper experimental conditions the maxi- 
mum effect of IA is considerably higher than that of 2,4-D, indicating a 
higher activity of the IA-receptor-complex than of the 2,4-D-complex. This 
difference could possibly be at work in causing the slightly different form 
of the IA and 2,4-D action curyes in the root test. It is fairly probable that 
for such effective auxins maximum root inhibition is reached before the 
receptor is saturated with auxin molecules and that, consequently, the lower 
bend of the curve is caused by physiological factors other than the adsorp- 
tion equilibria. The lower effect of an auxin antagonist upon roots inhibited 
by IA than upon those inhibited to the same level by 2,4-D would then 
indicate that these inhibitions do not represent the same saturation value of 
ihe auxin receptor, but that this value is more favourable for obtaining a 
pronounced competitive effect in the case of 2,4-D. 2,4-D and PA on the 
other hand, though widely different in respect to the receptor affinity, may 
be assumed to vause the same inhibition effect when bound to the same 
extent, and are also counteracted by 1-NMSP in a quite similar manner 
(table 5). Further, intermediate substances like yPB and 4-Me-POA, which 
give receptor complexes with strongly reduced activity, should, in order to 
cause the same degree of inhibition as 2,4-D, be in equilibrium with a much 
more highly saturated receptor system, and therefore again be more diffi- 
cult to replace by an antagonist. 

However interesting and necessary such comparisons with simple model 
systems may be, we should not forget the complexity of the physiological 
situation (cp. Burstrém, 6) which at present debars the possibility of a strict 
proof of any proposed mechanism. It seems, however, that there are as yet 
no sufficient reasons to abandon the working hypothesis of a common basis 
of the auxin phenomena. That some substances like 2,4-D can in some way 
upset the normal function of the auxin system when present in large amounts 
seems quite clear, and it is a principal problem to define these disturbances 


in a detailed manner. 
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Summary 


The effects of eight 4-alkyl-phenoxy-acetic and -propionic acids have been 
studied in the flax root test. A 4-methyl group imparts some auxin activity to 
the originally antiauxinic phenoxyacetic acid, which is then gradually anni- 
hilated with growing size of the 4-alkyl group. Simultaneously the antiauxin 
properties, which are combined with the auxinic ones already in the 4-me- 
thyl-phenoxyacetic acid, are strongly increased. 

The eugenoxy- and iso-eugenoxy-acetic acids likewise show a conspicuous 
antiauxin activity which is probably generated by the bulky 4-alkyl substi- 
tuent in this case also. Carvacroxy-acetic acid is a substance of intermediate 
type, while the isomeric thymoxy-acetic acid (with an iso-propyl group in 
2-position) is purely antiauxinic. Its antiauxin effect is strongly increased 
by the introduction of a chlorine atom in 4-position, a phenomenon which 
parallels the corresponding increase from 2,6-dichloro-phenoxyacetic to 
2,4,6-trichloro-phenoxyacetic acid. 
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Introduction 


Recently some experiments have been reported (Claes and Lang, 1947; 
Carr. 1952 a, 1952 b) which appear to lend strong support to the theory of 
photoperiodism developed by Bünning (1937—51). The purpose of this paper 
is to report the results of two preliminary experiments with long-day plants 
which furnish evidence to the contrary. A résumé of Bünning’s theory has 
been presented by Carr (1952 a) in a previous paper in this journal; but the 
main points will be repeated here briefly, together with a summary of the 
previous work leading up to the type of experiment to be described below. 


The theory states that the characteristic responses of long-day and short-day 
plants to daylength depends upon a rhythmical alternation of sensitivity to light 
occurring within the plant. Two phases are postulated: photophile and scotophile. 
During the former, exposure to light promotes flowering; during the latter, light 
either inhibits or is without effect upon flowering. These alternating phases are 
of approximately 12 hours duration. Sensitivity to light reaches a maximum at the 
midpoint of the phases. In the long-day plant the photophile phase generally com- 
mences 10 to 12 hours after the beginning of the daily illumination; in the short-day 
plant it begins soon after illumination. This is schematically illustrated by the curves 
in figure 1. Long photoperiods promote flowering in long-day plants because light 
extends into the daily photophile phase, while with short-day plants long photo- 
periods overlap the scotophile phase and flowering is therefore inhibited, (figure 
1: A). It is the reverse with short photoperiods, (figure 1: B). The inhibiting 
effect of light during the scotophile phase is pronounced with short-day plants but 
is less marked or even absent with long-day plants. 
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The effect of interrupting the dark period is well established in both long-day 
and short-day plants, the efficacy of the ‘light break’ being maximal when it occurs 
approximately in the middle of the daily dark period, (Hamner and Bonner, 1938; 
Naylor, 1941; Harder and Bode, 1943; Bünning, 1944 a; Parker et al, 1946; Borthwick 
et al, 1948; Claes and Lang, 1947). The fact that interrupting the dark period 
produces responses similar to those obtained with long photoperiods is neatly 
explained by Bünning’s theory; the light breaks tend to coincide with maximal 
photophile activity in long-day plants and maximal scotophile activity in short-day 
plants (figure 1: C). Interruption effects may, however, be accounted for by other 
theories such as that of Gregory (1948). The essential point in Biinning’s theory 
is that the rise and fall in sensitivity to a light break should be autonomic and not 
in any way dependent upon a previous short photoperiod. 

In order to test this point, Claes and Lang (1947), using the long-day plant 
Hyoscyamus niger, and later Carr (1952 a), using the short-day-plants Perilla ocy- 
moides and Xanthium pennsylvanicum, carried out experiments in which the plants 
were subjected to cycles of light and darkness totalling 48 hours in duration. The 
very long dark period following upon a short photoperiod was interrupted with 
a light break at various points. These light breaks were effective on either of two 
occasions separated by a period of 24 hours at times conforming with the rhythm 
postulated by Bunning (figure 1:D). The second of the two occasions clearly 
suggested a resumption of photophile activity with the long-day plant and scotophile 
activity with the short-day plants. Claes and Lang, however, pointed out that an 
alternative explanation was possible. They suggested that the two occasions when 
the light breaks were effective represented the extreme limits within which the main 
light period and the light break could reinforce each other, it being indifferent 
whether the light break preceeded or followed the main light period. Claes and Lang 
and Carr concluded that in order to evade this possibility, an experiment involving 
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72-hour cycles would be necessary. Such an experiment on Biinning’s theory should 
demonstrate three occasions for the effective light break whereas only two would 
lend support to the alternative suggestion of Claes and Lang. According to Claes 
and Lang, the second of the three occasions expected on Biinning’s theory should 
be ineffective on account of its complete isolation, thus any reinforcement effect of 
adjacent main photoperiods would not be expected. Experiments with 72-hour 
cycles involving very long dark periods might be expected to affect plant growth 
adversely, nevertheless Carr (1952 b) has achieved success with the short-day plant 
Kalanchoé blossfeldiana. His plants were exposed to a main light period of 12 hours 
and the subsequent long dark period of 60 hours was interrupted after varying 
intervals with a light break of one hour. Flowering was alternately inhibited and 
promoted as the light break fell within the expected scotophile and photophile 
phases respectively. This was the first crucial experiment to establish the presence 
of rhythmical processes in flowering. On the other hand, the experiments of Schmitz 
(1951), carried out with Kalanchoé, cannot be reconciled with Biinning’s hypothesis. 


Methods and Results 


A full account of the photoperiodic responses of both Anagallis and Arabi- 
dopsis will be published shortly; methods of experimentation will therefore 
be given here only briefly. 


Experiment with Anagallis arvensis 


Anagallis arvensis obligately requires long days for flowering (Chouard, 
1949) ; in short-days it remaines vegetative indefinitely. Seedlings were grown 
in sand culture in small glass dishes for one month under 8-hour photo- 
periods. They were then exposed to nine 72-hour cycles of the various regimes 
of light and darkness as illustrated in figure 2. Replication was 10 plants per 
treatment which was commenced on the 10th. November 1952. The results 
are given in Table 1. 

The main light periods of 12 hours were provided by tungsten light of 
intensity 1,000 to 1,200 foot-candles at a temperature of 20° C. Low intensity 
supplementary light of 10 foot-candles (represented by the thinner horizontal 
white strips in figure 2) was given in small light-proof chambers at a tem- 
perature of 16° C. During darkness the plants were kept at a temperature 
of 15° C. Plants that received only 12 hours of high intensity light during 
each 72 hours (that is in treatments B to G) remained healthy, but were 
etiolated and slightly chlorotic compared with those plants that received 
12 hours of high-intensity light every 24 hours (treatment A). On termina- 
tion of the nine cycles of the treatment, all plants were returned to 8-hour 
photoperiods and dissected 8 days later, that is five weeks from the beginning 
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Figure 2. Photoperiodic 
treatment for each 72-hour 
cycle given to Anagallis 
arvensis. For results see 
Table 1. 


All plants were vegetative with the exception of those given treatments 
C and G. Plants from these treatments had developing flower buds in the 
axils of five nodes. Since these five nodes were produced during the interval 
between the beginning of treatment and dissection (9 cycles of 72 hours 
followed by 8 short-days) nodes must have been produced at the rate of one 
per week. Flower induction in the effective treatments C and G must there- 
fore have begun within the first week of treatment and the failure in 
flowering response in the ineffective treatments shows that induction was 
delayed for at least five weeks. In this experiment it is evident that inter- 


Table 1. Results of Experiment with Anagallis. 


For photoperiodic treatments see figure 
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0 
0 
10 
0 


10 
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Figure 3. Photoperiodic 
treatment for each 72-hour 
cycle given to Arabidopsis BE 
thaliana. For results see 
Table 2. 


ruption of the dark period in a 72 hour cycle fails to promote flowering 
except by a light period immediately preceeding or following the main 
photoperiod. 


Experiment with Arabidopsis thaliana 


This species may be classed as a ‘facultative’ long day plant as it eventually 
flowers in short photoperiods (Laibach 1943. 1950). The time to flowering 
is progressively delayed as the photoperiod is shortened. Plants were grown 
from seed on ‘potting soil’ contained in small tins. The experimental plants 
were given from the time of germination onwards one month of 8-hour 
photoperiods (8 hours of daylight in a greenhouse daily from 9 am. to 5 pm. 
G.M.T.). They were then given three 72-hour cycles of the treatments as 
illustrated in figure 3. On termination of the treatment the plants were 
returned to 8-hour days. The number of days to budding from the beginning 
of treatment and the increment in leaf number were subsequently recorded, 
Temperatures throughout the experiment ranged from 20 to 24° C. Replica- 
tion was 10 plants per treatment which was begun on the 24th of July 1952. 
The results are given in Table 2. 

All the plants remained healthy but those from treatments B to E were 
slightly chlorotic compared with the control plants. In treatment B. one 
short photoperiod was ommitted in every three, A were the short-day con- 
trols. In treatment C one of the 8-hour photoperiods was moved 12 hours 
forward into the position which according to Biinning’s hypothesis should 
conicide with a photophile phase. This period of 8 hours light was provided 
by tungsten light of intensity 800 to 1,000 foot-candles. Flowering was slightly 
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Table 2. Results of Experiment with Arabidopsis. 
For photoperiodic treatments see figure 3. 


| | Number of |Increment in 

|Treatment| Days to number of 

| Budding Leaves 

nn: 28.441.0 | 35.8+ .70 
B BOSE yn | EURE. #0) 
C 28.4 + 1.7 30.9 + 2.3 

| D 17.0 + 1.8 19.0 + 1.8 

| E on, || PERS 


(Variability expressed as the standard error of the mean) 


earlier in treatment C than in treatment B, the corresponding reduction in 
leaf number being statistically significant (P=0.05). When 4-hour periods 
of low intensity supplementary light (50 foot-candles) were given either 
before (treatment E), or after (treatment D) the advanced 8-hour light period, 
budding was appreciably hastened while the leaf number was considerably 
reduced. 


Discussion 


From the experiment with Anagallis it is clear that a long light period 
is required to induce flowering. When this was given in treatments C and G 
(figure 2) it was of no consequence whether the period at high intensity 
preceeded the period at low intensity or vice-versa. The isolated period of 
supplementary light given in treatment E was ineffective showing that no 
resumption of photophile activity occurred. The results, therefore, clearly 
support the suggestion of Claes and Lang; no rhythmical effects are evident. 

In the experiment with Arabidopsis a slight acceleration of flowering was 
obtained in treatment C (figure 3) when the 8-hour photoperiod was dis- 
placed into the postulated photophile phase. But the 4-hour light periods 
in treatments D and E occurred during the postulated scotophile phases 
when light either inhibits or is without effect on flowering. The fact that 
flowering was hastened by these treatments contradicts Biinning’s postulates 
and would appear to support the alternative suggestion of Claes & Lang. It 
may be assumed that the 4-hour light periods acted in conjunction with the 
8-hour photoperiod; again the order in which high intensity light and low 
intensity light was given was of no consequence. 

It may be concluded from the results of these two experiments that so far 
as Anagallis and Arabidopsis are concerned, a persistent alternation of photo- 
phile and scotophile phases as postulated by Bünning cannot be the basis of 
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the photoperiodic reaction. Bünning states that although the rhythm is 
endogenous, light stimuli may exert a powerful influence on the timing of the 
phases. Light tends to promote photophile activity and inhibit scotophile 
activity and conversely with darkness. This qualification of Bünning's hypo- 
thesis implies that the rhythm can be influenced by changes in light and 
darkness imposed during experiments in order to detect it, and if it is for 
this reason that photophile and scotophile phases cannot be detected by 
experiments such as those described above, then the rhythm can scarcely be 
claimed to be endogenous. The experiment of Carr on Kalanchoe indeed 
suggests that under certain conditions, internal rhythmical processes can 
exert a definitive influence on the photoperiodic response. Future work is 
projected with a view to defining the limits of these conditions. 


Summary 


Two experiments with the long-day plants Anagallis arvensis and Arabi- 
dopsis thaliana are described which were designed as eritical tests of Bün- 
ning’s theory of photoperiodism. The results are shown to contradict the 
postulates of Binning and to support the suggestion put forward by Claes 
and Lang (1947) to account for the results of their experiment in which 
48-hour cycles were given to the long-day plant Hyoscyamus niger. 


The author wishes to thank Professor F. G. Gregory, F.R.S. for his encourage- 
ment and advice during the course of this work. 
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It was shown by Klebs (1914) that the resting buds of leafless seedlings 
of Fagus sylvatica L. may be stimulated to break dormancy by exposure 10 
continuous illumination. In the preceding paper of this series (Wareing, 1953) 
it was demonstrated that this is a true photoperiodic response and that 'per- 
ception’ of the stimulus by defoliated seedlings must occur within the 
meristematic tissue of the resting bud. Since it is well-established that in 
herbaceous species photoperiodic perception in relation to flowering is 
mediated through the fully-expanded leaves, it is clearly of interest to deter- 
mine how far the response of the resting buds in F. sylvatica is modified by 
the presence of mature leaves. Moreover, it cannot be assumed that the locus 
of perception for the renewal of growth by a dormant shoot under »long 
day» conditions is necessarily the same as that for photoperiodic induction 
of dormancy in an actively growing shoot by »short day» conditions. In the 
former we have a developed resting-bud and in the latter an actively-growing 
apex, and it is necessary to determine how far the responses of the two 
structures are similar. The experiments described here were undertaken to 
elucidate these problems. 

The material used, however, was not F. sylvatica, since this species has 
several disadvantages. In particular, since extension growth of F. sylvatica 
occurs in a series of ‘flushes’ with intervening rest periods, not synchronised 
in different plants, uniform material for experiment is difficult to obtain. 
It was necessary, therefore, to select suitable alternalive species. It is known 
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that premature bud expansion may be rapidly induced in various species of 
Pinus by this treatment (Phillips, 1941; Wareing, 1951). The production of 
‘lammas-shoots’ (’Johannistriebe’) in Quercus under long photoperiods 
(Leman, 1948) appears to be an allied phenomenon (see p. 271). These 
appear, however, to be the only other examples so far reported, in which 
premature bud-expansion has been induced in leafy seedlings, by exposure to 
continuous illumination. Hastened breaking of dormancy in defoliated 
seedlings under long photoperiods was observed in Populus robusta (Van 
der Veen, 1951), Acer saccharum (Olmsted, 1951) and various other woody 
species (Gulisashvili, 1948), but in these instances the response generally 
occurred only after considerably delay, thus contrasting markedly with the 
relatively rapid responses seen in Pinus spp. and F. sylvatica. In view of the 
lack of information on this subject in the existing literature, it was necessary 
to carry out a preliminary survey of the effect of continuous illumination on 
the breaking of dormancy of various woody species, and on the basis of these 
results it was possible to select suitable species for the main experiments. 


Experimental 


General Technique. The plants used in the following experiments were 
first-year seedlings of Acer pseudoplatanus, L., Betula pubescens Ehr., Fagus 
sylvatica L., Larix decidua Mill, Quercus robur L., and Robinia pseud- 
acacia L. 


The seedlings were first grown in pots, either in the open or in a greenhouse, 
under natural long-day conditions, until they reached a suitable size for the experi- 
mental treatment. The soil used in the pots was ‘John Innes’ potting compost, 
(Lawrence and Newell, 1940). During the period of growth the plants were occa- 
sionally treated with ‘John Innes’ liquid feed (which contains basic mineral nutrients) 
at the rate of 1 oz. per gallon. The plants were grown either singly in pots, or in 


the case of the small seedlings of B. pubescens and L. decidua, in groups of 3 or 4 
per pot. 


In the case of A. pseudoplatanus, B. pubescens, F. sylvatica and Q. robur, the 
seed was collected from trees growing under naturalised conditions from various 
localities in Southern England and Cheshire. Where possible, all the seed of any 
given species was taken from a single tree. The seed of R. pseudacacia and L. decidua 
was supplied by courtesy of the British Forestry Commission. 


Except where otherwise stated, the experiments were carried out in greenhouses 
provided with dark compartments and facilities for supplementary illumination. 
Rigorous control of the greenhouse temperatures was not possible, although signi- 


ficant temperature differences as between the various groups within any one experi- 
ment were avoided. 
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Table 1. Responses of dormant, leafy seedlings to continuous illumination. 


T— 


: 4 | | a 
| 2 2 | Duration of | 5 | 
| a 24 Date transferred| exposure to < 
Species en Be | to continuous continuous | « Results | 
228 = illumination |illumination | © 
3328| | (days) | $ 
Acer pseudo- | | (i) 30 June 73 12 | All pl i 
3 29 Mavd| Ui plants still dormant on 
platanus. 1950 2 (ii) 8 August 34 12 | termination of treatment 
BOB 2... -.; 15 June 28 July 55 20 | do. | 
Betula pube- | 
ER tose }29 May 30 August 42 20 | 14 plants resumed growth 
| | 
| ÉD RTE t 
CES steele nsec | 6 July! ti) = fan plants resumed growth) 
| Fagus sylvatica | 28 July | SECEDE. 39 6 | do. | 
Larix decidua. | | 
1950 i - 8 August | 44 35) |) do: 
| 
2 | | (i) 4 Sept. 27 12 | do. 
ln | 17 July} (ii) 1 October, 30 19 Wado: 
| 
Robinia | | | All plants remained 
pseudacacia ha nl | ange ee | 264 dormant 


I. Responses of dormant seedlings of various species to 
continuous illumination 


Seedlings of the following woody species were tested for their response to exposure 
to continuous illumination: A. pseudoplatanus, B. pubescens, F. sylvatica, L. decidua 
and R. pseudacacia. The plants used were in all cases first-year seedlings grown in 
pots in the open under natural daylengths for 2—3 months and then induced to 
become dormant by transferring to short-days (9—10 hour photoperiods) until 
resting buds had been formed, the duration of short day treatment depending on 
the species (Table 1). 

Dormant seedlings were then transferred to natural daylengths supplemented by 
continuous artificial illumination, which, in the first year of the experiments was 
supplied in the open at approximately 500 lux from 100-watt tungsten filament 
lamps. In the second year the supplementary light was supplied at approximately 
1000 lux from daylight’ fluorescent tubes. 

The experiments were first carried out in 1950 and repeated in 1951, there being 
a close agreement between the results obtained for any one species, in both years. 
The results are summarised in Table 1. Little or no leaf abscission occurred during 
short-day treatment, so that the results indicate the responses of leafy seedlings to 
continuous illumination. It will be seen that B. pubescens, F. sylvatica and L. deci- 
dua responded to continuous illumination by breaking dormancy and resuming 
extension growth. A. pseudoplatanus and R. pseudacacia, however, remained dor- 
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mant, apart from a few axillaries in the latter. These results were repeatedly con- 
firmed for each species (except L. decidua) in the further experiments described 
below. 


II. Locus of Photoperiodic Perception for the Breaking of 
Dormancy under continuous illumination 


Since the preliminary experiments described above indicated that the buds 
of dormant seedlings of B. pubescens could be induced to resume growth 
when transferred to continuous illumination, this species was selected for 
more detailed studies on the locus of photoperiodic perception. 


Experiment 1. 


Seedlings of B. pubescens grown in pots in the open were transferred to short day 
conditions (9-hour photoperiods) in the greenhouse on 12 Aug. After 4 weeks of treat- 
ment under short days, these seedlings were fully dormant and were used for the 
following experiments. The terminal buds were somewhat lax and in many cases 
contained a partially-expanded leaf. In order to obtain a greater uniformity in the 
experimental material these terminal buds were removed and observations were 
carried out on the uppermost axillary of each plant, since these latter buds were 
of a more normal appearance. In the »control» series of the following experiments 
these axillaries showed the same responses as those of the terminal buds in the 
preliminary experiments, viz., the buds maintained under short days remained 
dormant, and those under continuous illumination showed renewed growth. 

On 9 September, 58 plants were selected and divided into 5 groups each con- 
taining 11 or 12 plants. All the leaves were removed from the plants of two groups, 
while the leaves were left intact in the remaining groups. In one of the groups of 
plants with leaves, the uppermost two axillary buds were covered with tin-foil so 
as to exclude all light, while in all other groups these buds were left uncovered. All 
plants were placed for 9 hours each day in a growth cabinet described previously 
(Wareing, 1953) and received illumination at an intensity of approximately 9,000— 
10,000 lux from ‘daylight’ fluorescent tubes for this period. At the termination of 
this photoperiod one defoliated group and one group of »leafy» plants were placed 
in darkness for the remainder of the 24-hour cycle and thus received ‘short days’. 
The other three groups of plants were then transferred to a second cabinet and 
exposed to a further 15 hours of illumination at approximately 1000 lux from a 
150-watt tungsten filament lamp. 


The experimental conditions and results are summarised in Table 2. After 
4 weeks of treatment all plants receiving short days still remained dormant, 
while all buds directly exposed to continuous illumination (Groups 1 and 3) 
had broken dormancy and resumed growth in both ‘leafy’ and defoliated 
plants. In Group 2, in which the leaves were exposed to continuous illumina- 
tion but the buds maintained in darkness, no growth had occurred after 4 


weeks of treatment. The lower axillaries which were exposed, however, had 
grown out in these latter plants. 
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Table 2. Locus of photoperiodic perception for bud-expansion in dormant seedlings 


of Betula pubescens. (Experiments 1, 2.) 
—— Te Er RE IET WE EIIIDEER 


| | Photoperiodic conditions! | Results? | 
| Group | —— nn je = == ee 
| | Buds | Leaves | Experiment 1 | Experiment 2 
| | | | 
1 | LD | LD | A A | 
2 | CD | LD D D | 
3 | SD | LD | — D | 
4 | LD = A A | 
> | SD SD | D D 
6 SD | — D D 


1 LD=Continuous illumination. SD=8—9 hours of daylight or illumination at 10,000 
lux from fluorescent tubes. CD=Continuous darkness. 
? A—Buds resumed active growth. D=Buds remained dormant. 


Experiment 2. 


The following further experiment was carried out to obtain confirmation 
of the results of Expt. 1. The plants used were from the same stock as those 
of the previous experiment, and the conditions were also the same, except 
that an additional group was included, in which the uppermost axillary buds 
were exposed during the main light period, but covered during the period of 
low-intensity illumination. In this group, therefore, the buds were exposed to 
short days, and the leaves were exposed to continuous illumination. The 
treatment and results are summarised in Table 2. The buds of all plants of 
Group 1 and of 8 plants of Group 4 had broken dormancy by 20 October, 
after 25 days of treatment. The buds of all other plants remained dormant. 
This confirms the results of the previous experiment and indicates that in 
this species only direct exposure of the buds to continuous illumination will 
bring about renewal of growth, whether leaves are present or not. Similar 
results were obtained in experiments with F. sylvatica and Pinus silvestris. 


Experiment 38. 


The results of Experiments 1 and 2 indicated that, in B. pubescens and 
F. sylvatica, direct exposure of dormant buds to long-day conditions is 
necessary in order to stimulate the renewal of growth and that the leaves 
appear to play no essential role in this response. This conclusion, however, 
does not exclude the possibility that the leaves may have an actively inhibi- 
tory effect on bud-expansion, when maintained under short-day conditions. 
The following further experiment was, therefore, carried out to test this 
possibility. 

Eighteen dormant, leafy seedlings of B. pubescens were divided into 3 equal 
groups. All plants were exposed to natural daylight in the greenhouse for 9 hours 
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each day. At the end of this photoperiod, the plants of Group 1 were exposed to 
supplementary illumination at an intensity of 500 lux from 100-watt tungsten- 
filament lamps for the remainder of the 24-hour cycle and were thus maintained 
under continuous illumination. The plants of Group 2 were placed in a cardboard 
box provided with a light-proof fabric cover. The uppermost leaf of each plant 
was removed, so that the terminal bud could be passed through a small hole in 
the fabric and exposed to the electric lamps. (The uppermost leaves were also 
removed from the plants of the other groups, to ensure uniformity of treatment in 
this respect.) The terminal buds of Group 2 were thus exposed to continuous illu- 
mination and the leaves were maintained under short-day conditions. The entire 
plants of Group 3 were maintained under short-day conditions. 


After 5 weeks of treatment, the terminal buds of the plants of Group 1 had 
resumed growth. Four plants of Group 2 showed a partial response to the 
treatment in that the lowermost one or two leaves of the terminal bud under- 
went partial expansion, but the upper part of the bud remained dormant, 
and active growth of the apex was not resumed as in Group 1. The terminal 
buds of the other two plants of Group 2 remained entirely dormant. All plants 
of Group 3 remained dormant. These results indicate that when the leaves 
of B. pubescens are maintained under short-days they have a partial inhibitory 
effect on the expansion of the terminal bud, when the latter is maintained 
under continuous illumination. 


III. Locus of perception in actively growing plants 


The results of the foregoing experiments indicate that in those species 
(B. pubescens, F. sylvatica, P. silvestris) in which dormant buds may be 
induced to expand under continuous illumination, the buds themselves must 
be directly exposed to the light, and the presence or absence of mature leaves 
appears to be immaterial. These experiments, however, provide no informa- 
tion as to the locus of photoperiodic perception for the induction of dormancy 
in actively-growing plants by exposure to short days, and a further series 
of experiments was, therefore, carried out for this purpose. The plant material 
used included B. pubescens and also, for comparison, two of the species 
which do not readily respond by breaking dormancy under continuous illu- 
mination, but the actively-growing seedlings of which do respond to short 
days by hastened dormancy, viz., A. pseudoplatanus and R. pseudacacia. 


The general procedure adopted was the same for each species. In each experi- 
ment there were at least four groups of plants which were all exposed to 8—9 hours 
of daylight per day in a greenhouse. At the end of this main photoperiod the plants 
were transferred to a small windowless room and each group received a different 
treatment as follows: — 


Group 1.: The whole plants were exposed to continuous illumination at approxi- 
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mately 500 lux from tungsten filament lamps for 16 hours. The plants were thus 
exposed to continuous illumination. 


Group 2.: Transferred to darkness for 16 hours, so that the plants received 
short days. 


Group 3.: In the case of B. pubescens and R. pseudacacia the plants were placed 
in a large cardboard box provided with a light-proof fabrie cover. The apical 
region of the shoot of each plant was allowed to project through holes in the fabric 
and was exposed to the light. With A. pseudoplatanus the mature leaves were 
individually enclosed in light-proof paper covers, while the apical region was 
exposed to illumination. In this group, therefore, the leaves were exposed to short- 
day conditions and the apex to continuous illumination. 

Group 4.: The apical region of each plant was enclosed in either a small card- 
board box or a light-proof paper cover, and the leaves were exposed to illumination. 
The apex was thus exposed to short days and the leaves to continuous illumination. 

In order to distinguish clearly between any direct photoperiodic perception in 
the apical region and possible perception mediated through the mature leaves, 
partially expanded leaves were removed from each plant so that there was a region 
of bare stem between the apical region and the mature leaves of the basal region of 
the stem. As the young leaves remaining in the apical region expanded they were 
each removed as soon as they attained a certain maximum size (which is stated in 
the details for each individual experiment). The number of mature leaves present 
on each plant during a given experiment thus remained constant. 


Experiment 4. Betula pubescens. 


Twenty-four actively-growing seedlings of B. pubescens, approximately 15 cms. 
in height, were selected and divided into 4 equal groups. The mature leaves on the 
plants were left intact, but all partially-expanded leaves exceeding 1.5 cms. in length 
were removed. There was thus a region of bare stem, 2—3 cms. in length, between 
the uppermost mature leaves and the apical region of the shoot. As new leaves 
expanded they were removed as soon as they exceeded 1.5 cms. in length. All plants 
were kept in the greenhouse under natural daylight for 8—9 hours per day. At the 
end of this main photoperiod each group received one of the four treatments 
described above for the remainder of the 24-hour cycle. 


The treatments and results are summarised in Table 3. Active growth 
occurred in all groups for about 10 days after the commencement of the 
experiment, although the newly-formed internodes were shorter than normal, 
apparently due to the continual removal of the young leaves. After approxi- 
mately 14 days of treatment the plants of Groups 2 and 4 ceased to expand 
new leaves and formed terminal resting buds. The experiment was continued 
for a further 2 weeks, at the end of which time the plants of Groups 1 and 3 
were still actively forming new leaves. The mean number of new modes 
developed during treatment in Groups i—4 were 12.1, 6.0, 12.8 and 7.0 
respectively. The resting buds of Group 4 produced by exposing only the 
apical region of the shoot to short-day conditions, showed no apparent dif- 


268 P. F. WAREING 


Table 3. Locus of photoperiodic perception in activity growing seedlings. 
(Experiments 4, 5, 6, 7, 9). 


EEE 


Photoperiodic conditions! | Response? 
Group | | g | Betula [Acer pseudo-| Robinia | Quercus 
Shoot apex 4/Mature leaves pubescens | platanus | pseudacacia robur 
| | | | 
1 LD | LD | A ! A | A A | 
2 | SD SD | D D | D D 
3 | LD SD | A D | D D 
| SD LD D A A D 


1 LD=Continuous illumination. SD=8—9 hours of daylight, followed by 16—15 hours 
of dark. 

2 A—Shoot apex still actively developing new leaves at termination of treatment, or (in 
case of Q. robur) had developed new flush of growth. D=Shoot apex had ceased to form 
new leaves at termination of treatment, or (in case of Q. robur) had not developed new 
flush of growth. 


ferences from those of plants of Group 2 in which both apex and the mature 
leaves were exposed to short-day conditions. 

These results clearly indicate that the photoperiodic conditions to which the 
active shoot apex is exposed can have a direct effect upon its behaviour. It is 
possible, however, that the responses observed were partly conditioned by the 
experimental procedure of continuously removing the young leaves, and it 
cannot be concluded that the leaves play no role in the incidence of dormancy 
in seedlings of B. pubescens under ’normal’ conditions. 


Experiment 5. Betula pubescens 


In order to obtain confirmation of these results, the experiment was 
repeated again under the same conditions, except that the young leaves 
were removed at a still earlier stage of development, viz., when the length 
exceeded 0.8 cms. The results of this experiment agreed in all respects with 
those of the preceding experiment. 


Experiment 6. Acer pseudoplatanus 


Forty-eight actively-growing seedlings of A. pseudoplatanus, with 3 or 4 pairs of 
expanded leaves, were divided into 6 groups on 22 June. All partially-ex panded 
leaves with lamina-diameter exceeding approximately 1 cm. were removed. The 
lowermost mature leaves were also removed, so as to leave two pairs of fully- 
expanded leaves on each plant, except in the case of Groups 5 and 6, which were 
completely defoliated. 

All plants were exposed to 8 hours of daylight in a greenhouse each day, at the 
end of which period each group received a different treatment, as described above, 
Groups 5 and 6 receiving the same treatment as Groups 1 and 2 respectively. 

The treatment was continued for 24 days. As new leaves were developed they 
were removed when the lamina diameter exceeded 1 cm. 
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Figure 1. Seedlings of Acer pseudoplatanus. (Experiment 6). 
A — Apex LD/leaves SD (Group 1) 
B — Apex SD/leaves SD (Group 2) 


C — Apex LD/leaves SD (Group 3) 
D — Apex SD/leaves LD (Group 4) 
E — LD (Group 5) 
F — SD (Group 6) 


(Arrows indicate first internodes developed under experimen- 


tal treatments.) 


The results (except for Groups 5 and 6) are summarised in Table 3. The 
plants of Group 1 continued growing actively throughout the period of treat- 
ment and produced 5—7 new leaves. In this group, considerable extension 
of the new internodes occurred, giving a mean internode length of 6.2 cms. 
The plants of Group 2, on the other hand, produced a mean of 2.2 new leaves 
and then became dormant. The new internodes were so short that the petiole- 
bases formed a close »rosette» (Fig. 1 B). The plants of Group 3 resembled 
the ‘short day controls’ (Group 2) in that, after producing a mean of 3.0 
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new leaves, the plants became dormant. Moreover, there was practically no 
extension of the new internodes, the successive petiole-bases being almost 
contiguous (Figure 1 C). The plants of Group 4 resembled those of Group 1 
in that they continued producing new leaves throughout the experiment, but 
the internode length (mean 1.9 cms.) was markedly less than in Group 1. 

Although the plants of Groups 5 and 6 were completely defoliated and were 
thus unable to carry on any appreciable photosynthesis, they continued to 
produce new leaves throughout most of the period of the experiment, the 
new leaves being removed as soon as they attained a lamina diameter of 
1 cm. At the end of the experiment two plants had died, however. Con- 
siderable internode extension occurred in Group 5. The defoliated S.D. plants 
of Group 6 actually produced more leaves and showed greater internode 
extension than the corresponding short-day plants bearing mature leaves 
(Group 2). 

At the end of the experimental period all plants were returned to natural 
long-day conditions and new leaves were allowed to develop. All groups, 
except 2 and 3, developed new leaves under these conditions. Thus, the 
plants of Groups 2 and 3 had become dormant, and the early stages of 
development of terminal resting-buds could be recognised in these groups. 
These results clearly contrast with those obtained with B. pubescens in 
Experiments 4 and 5. In A. pseudoplatanus the daylength conditions to 
which the mature leaves are exposed have a profound influence on the 
response of the apex. When the apex is maintained under long days and the 
mature leaves under short days (Group 3), the plants become dormant 
almost as rapidly as those in which both leaves and apex are exposed to 
short days. By contrast, exposure of the apex to short days and the mature 
leaves to long days (Group 4) does not result in dormancy, although there is 
some reduction in internode length. Similar results are obtained where the 
apical region in exposed to short days and mature leaves are entirely absent, 
(Group 6). Hence, the incidence of dormancy in A. pseudoplatanus is clearly 
dependent upon exposure of the mature leaves to short-day conditions. 


Experiment 7. Robinia pseudacacia 


A further experiment was carried out with 24 seedlings of R. pseudacacia. The 
conditions and apparatus were exactly the same as those described for B. pubescens 
in Experiments 4 and 5. All partially-expanded leaves of length exceeding 1.5 cms. 
were removed at the commencement of the experiment and later-developed leaves 
were removed as soon as they exceeded this length. Thus there were only mature 
leaves in the basal region and very young leaves in the apical region of the shoot. 
The seedlings were divided into 4 equal groups and treated as indicated in Table 3. 

R. pseudacacia is a species which is normally of »sympodial» habit, so that when 
extension growth has ceased, the entire apical region is abscissed and a true terminal 
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resting bud is not formed. After 20 days of treatment the plants of Groups 2 and 3 
had become dormant as indicated by the fact that extension-growth had ceased and 
the apical region of the shoot had withered, ‘preparatory’ to abscission. The plants 
of Groups 1 and 4 were still actively growing at this time and had produced 6—8 
new leaves during the period of the experiment. R. pseudacacia thus resembles 
A. pseudoplatanus in that the onset of dormancy under short-days appears to be 
determined by the daylength conditions to which the mature leaves are exposed. 


IV. Experiments with Quercus robur 


A number of experiments were also carried out with Quercus robur L., 
which are described separately, since the growth-habit of this species renders 
it a somewhat special case. 


As is well-known, this species resembles F. sylvatica in that growth takes place, 
not continuously, but in short periods of rapid internode-extension (‘flushes’) which 
alternate with »resting periods» of varying duration. During these resting periods 
leaf- and internode-primordia are laid down at the apex, and the subsequent flush 
cf growth consists of expansion of initials already present in the terminal bud. 
Under natural conditions the initial flush of growth in the spring is normally 
followed by a second one in July, producing the so-called ‘lammas-shoots’, (’Johan- 
nistriebe’), after which a winter-resting bud is formed. The resting-bud which 
develops between the first and second flushes does not attain the characteristic 
size and shape of the winter resting-bud, and will be referred to as the »summer 
bud». It is clear that the production of lammas-shoots in Q. robur is comparabie 
with the premature renewal of growth in F. sylvatica and B. pubescens under con- 
tinuous illumination, and indeed, Leman (1948) has shown that the production of 
lammas-shoots takes place only under long-day conditions. Under continuous illu- 
mination seedlings of Q. robur produced as many as 7—9 ’flushes’ in rapid 
succession. Under short days, however, extension growth ceased and the plants 
normally formed winter resting-buds. The author has confirmed these results but 
the details of the experiments will not be described here. 


The following experiments to determine the locus of photoperiodic per- 
ception in Q. robur were carried out with seedlings whose apices were still 
in the "summer bud’ condition. 


Experiment 8 


A preliminary experiment was carried out with first-year seedlings of Q. robur 
growing in boxes. The seedlings had previously been grown under natural long-day 
conditions and the majority had already produced at least two flushes of growth. 
On 30th June, 40 seedlings were selected and divided into two equal series. The 
uppermost 2 or 3 leaves were removed from each plant, and in one series the main 
apex of each plant was covered with tin-foil so as to exclude all light, while in 
the other series the apices were allowed to remain exposed. All plants were illu- 
minated throughout the night by light at an intensity of 1000 lux from ‘daylight 
fluorescent tubes. Thus the leaves of both series of plants were exposed to con- 
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tinuous illumination, whereas the apex was, in one series, maintained in continuous 
darkness and in the other in continuous illumination. 


After 4 weeks of treatment the experiment was terminated, at which time 
all the apices exposed to continuous illumination had produced new shoots, 
whereas none of those in continuous darkness had done so, and remained 
dormant, In the latter series, however, the axillaries which had been exposed 
to continuous illumination, had grown out in 18 plants. Thus. the 
covering of the main apex had removed normal »apical dominance» which 
was still shown in those plants in which the apex was exposed. 


This experiment clearly indicated that in order to obtain the production 
of lammas-shoots, the main apex must be exposed to long-days, even when 
the leaves are maintained in continuous illumination. These results provide 
no information, however, as to whether the leaves play any role in the 
incidence of dormancy under short-days, and the following further experi- 
ment was, therefore. carried out. 


Experiment 9 


Twenty-four seedlings growing singly in 15 cm. pots were selected for uniformity 
on 3rd July, at which time they had each recently produced a second flush of 
growth, and the shoot-apices were still in the »summer-bud» condition. The upper- 
most 2 or 3 expanded leaves were removed from each plant, so as to leave a length 
of approximately 1 cm. of bare stem below each shoot apex. The plants were divided 
into 4 equal series. All series were exposed to 8—9 hours of day-light in the green- 
house each day, and then transferred to the experimental room, in which each group 
received a different treatment, as indicated in Table 3. In Groups 3 and 4 the apex 
and mature leaves were exposed to different daylength conditions by enclosure in 
cardboard boxes, as already described for Experiments 4 and 5 with B. pubescens. 


After 3 weeks of these treatments, the plants of Group 1, in which both 
leaves and shoot apex were exposed to continuous illumination had produced 
a new flush of growth. Two plants of Group 3, also showed initial swelling 
of the buds, but their further development remained arrested. The terminal 


summer buds of all other plants of this group and of all plants of Groups 2 
and 4 remained dormant. 


It is evident that in Q. robur photoperiodic perception occurs both in the 
mature leaves and in the shoot apex, and both parts of the plant must be 
exposed to continuous illumination for the production of lammas-shoots to 
occur. When the leaves are held under short days and the apex under con- 
tinuous illumination, the growth of the apex remains inhibited. Thus. the 


responses of Q. robur are similar to those of dormant, leafy seedlings of 
B. pubescens. 
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Discussion 


In the preceding paper of this series (Wareing, 1953) it was established 
that photoperiodic phenomena are shown by the resting-buds of defoliated 
seedlings of F. sylvatica, with respect to the breaking of dormancy. It has 
now been shown that direct photoperiodic perception by resting-buds may 
occur also in other species, viz., B. pubescens and Q. robur. 

The experiments described above in Section II were designed to determine 
how far the responses of dormant buds of B. pubescens and F. sylvatica are 
affected by the presence of mature leaves. In Experiments 1 and 2 it was 
shown that when such mature leaves are present, there is resumption of 
growth only when the buds themselves are directly exposed to continuous 
illumination, and direct exposure of the buds cannot be substituted for by 
maintaining the leaves alone under continuous illumination. If the leaves 
are maintained under short-day conditions, however, normal expansion of 
the buds fails to occur even when the latter are exposed to continuous 
illumination (Experiment 3). Evidently, under short-day conditions, the 
leaves exert an inhibitory effect on the development of the buds. Thus, in 
order to bring about the breaking of dormancy in leafy seedlings by photo- 
periodic treatment, it is necessary to expose both buds and leaves to con- 
tinuous illumination and the same conditions are necessary for the produc- 
tion of lammas-shoots in Q. robur (Experiment 9). 

In actively-growing seedlings of B. pubescens, on the other hand, growth 
is maintained when the apical region of the shoot is exposed to continuous 
illumination, and the leaves are exposed to short days (Experiment 4). Thus, 
an actively-growing apex is apparently able to overcome any inhibitory effect 
arising when the leaves are maintained under short-day conditions. Con- 
versely, when an active apex is kept under short-day conditions, dormancy 
ensues even when the leaves are kept under continuous illumination. The 
behaviour of an actively-growing apical ’bud’ of B. pubescens may, therefore, 
be directly controlled by the day-length conditions to which it is exposed, 
regardless of the daylength conditions under which the leaves are main- 
tained. 

Whereas in the foregoing species, a well-marked photoperiodism is shown 
by the active apical region and by resting buds, in A. pseudoplatanus and 
R. pseudacacia, photoperiodic perception at the shoot apex appears to be 
relatively slight, and the effect mediated through the mature leaves is over- 
riding. Thus, in actively growing seedlings of A. pseudoplatanus and R. pseud- 
acacia dormancy is rapidly induced when the leaves are held under short 
days, even when the apex is kept under continuous illumination. On the other 
hand, when the apex is under short days and the leaves under continuous 
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illumination, resting buds are not formed, although there is a marked reduc- 
tion of internode extension in A. pseudoplatanus. In these two species, there- 
fore, photoperiodic induction of dormancy is controlled by the mature leaves, 
and is thus comparable with the photoperiodic induction of flowering in 
herbaceous species. 

In all cases in which the locus of photoperiodic perception has been 
investigated in relation to flowering, it has been found that the response is 
governed by the daylength conditions to which the mature leaves are exposed, 
the young expanding leaves being photoperiodically insensitive (Knott, 1934; 
Cailachjan, 1936; Moshkov, 1936; Hamner and Bonner, 1938; Borthwick 
and Parker, 1938, 1940; Melchers, 1937). In a few instances a weak photo- 
periodic perception has been detected in mature stem tissues (e.g. Dostal, 
1944). The occurrence of direct photoperiodic perception in an actively- 
growing shoot apex of B. pubescens is, therefore, of considerable interest. 
There can be no doubt that in this species photoperiodic perception occurs 
in tissue which is still highly meristematic, since by measuring leaf-areas it 
was determined that the mean area of mature leaves on the plants was of 
the order of 17 sq. cms., whereas the maximum area of the young leaves 
which were allowed to develop in the apical region in Expt. 5. was approxi- 
mately 0.24 sq. cms. Moreover, the demonstration of photoperiodic perception 
by dormant resting buds of F. sylvatica (Wareing, 1953) and B. pubescens, 
and in extending internodes of P. silvestris (Wareing, 1951), confirms that 
perception may occur in meristematic tissue and, is thus to be expected to 
occur also in actively-growing apical ‘buds’ of these species. 

The observations that resting buds of leafy seedlings of B. pubescens, 
F. sylvatica and Q. robur can only be induced to expand by direct exposure 
of the buds themselves to continuous illumination, and that exposure of the 
leaves alone is not effective, would seem to indicate that there is no transport 
of a positive growth-promoting stimulus from the leaves under long-day 
conditions. This would explain why dormancy can be broken by photo- 
periodic treatment only in those species in which there is a highly-developed 
‘direct’ perception in the resting buds, and not in leafy seedlings of A. pseudo- 
platanus and R. pseudacacia, where there is apparently no marked percep- 
tion in the buds. On the other hand, when the leaves are maintained under 
short day conditions, some inhibitory influence is transmitted from them 
both to resting buds (B. pubescens, Q. robur) and to active apices (A. pseudo- 
platanus, R. pseudacacia). Thus, the daylength conditions under which the 
leaves are maintained determine whether or not they exert an inhibitory 
influence on the shoot apex, and the primary effect of exposing the leaves 
to continuous illumination is to suppress the inhibitory influence which they 
exert under long dark periods. A similar conclusion was arrived at from a 
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study of the photoperiodic phenomena in Pinus silvestris (Wareing, 1951) 
and it was postulated that a growth inhibitor is produced in the leaves 
during long dark periods. The importance of growth-inhibitors in relation to 
dormancy has been stressed by other authors (e.g. Hemberg, 1949; Pollock, 
1953). 

When the leaves are exposed to short days and the apex (whether a 
resting-bud or an active shoot apex) to continuous illumination, the response 
of the apex is, thus, the result of an interaction between direct stimulation 
of the apex by the illumination and an opposing inhibitory effect from the 
leaves. Clearly, the result (stimulation or inhibition of growth) will depend 
upon the relative strengths of these opposing influences in any given instance. 
In B. pubescens the inhibitory effect of the leaves under short days is suf- 
ficient to suppress bud-expansion in dormant seedlings, but in actively- 
growing seedlings direct exposure of the apex to continuous illumination 
apparently protects it from any inhibitory effect of the leaves, which would 
otherwise result in dormancy. 

It was demonstrated for defoliated seedlings of F. sylvatica that the 
response of the buds appears to be governed by the length of the daily dark 
period, rather than by the length of the photoperiod, since the buds break 
dormancy with cycles which include short light periods, provided that the 
associated dark periods also are short (Wareing, 1953). This suggests that 
in the buds, as well as in the mature leaves, the effect of continuous illumina- 
tion is to suppress some inhibitory process occurring during long dark 
periods. Thus the photo-reaction involved may be fundamentally the same 
in both leaves and meristematic bud-tissue. 


Summary 


1. Seedlings of various woody species were induced to form resting buds 
by short-day treatment and were then transferred to continuous illumination. 
Seedlings of Betula pubescens, Larix decidua and Fagus sylvatica expanded 
their buds and resumed extension-growth under this treatment, but seedlings 
of Acer pseudoplatanus and Robinia pseudacacia remained dormant. 

9. In order to bring about resumption of growth in dormant, leafy seed- 
lings of B. pubescens, both buds and leaves must be exposed to continuous 
illumination, and exposure of the leaves alone is not effective. On the other 
hand, when the leaves are maintained under short-day conditions, normal 
expansion of the buds does not occur when the latter are exposed to con- 
tinuous illumination. 

The requirements for the production of lammas-shoots by seedlings of 
Q. robur are similar. 
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3. In actively-growing seedlings of B. pubescens the response of the apical 
‘bud’ is (under certain experimental conditions) directly controlled by the 
photoperiodic regime to which it is exposed, regardless of the daylength 
conditions under which the leaves are maintained. There is thus direct photo- 
periodic perception at the shoot-apex in B. pubescens. 

4. By contrast, in actively-growing seedlings of A. pseudoplatanus and 
R. pseudacacia the response of the shoot apex is determined by the daylength 
conditions to which the mature leaves are exposed. In these species, therefore. 
photoperiodic perception is primarily mediated through the mature leaves. 

5. It is postulated that a growth-inhibitor is produced by the leaves during 
long dark periods, and that the effect of exposing the leaves to continuous 
illumination is to suppress the production of this inhibitor. The same photo- 
reaction appears to be involved in photoperiodic perception both in mature 
leaves and in meristematic tissue of the buds. 


References 


Borthwick, H. A. & Parker, M. W.: Photoperiodic perception in Biloxi soy beans. — Bot. 
Gaz. 100: 374. 1938. 

‘— Floral initiation in Biloxi soy beans as influenced by age and position of leaf 
receiving photoperiodic treatment. — Bot. Gaz. 101: 806. 1940. 

Cajlachjan, M. H.: On the mechanism of photoperiodic reaction. — Compt. Rend. (Doklady) 
Acad. Sci. U.R.S.S. 1: 89. 1936. 

Dostal, R.: Photoperiodic experiments with Circaea and Bryophyllum. — Vestnik Kral Ceske 
Spolescnosti Nauk. Tr. Mat. Prir., 31:1 (Biol. Abst., 12581). 1949. 

Gulisashvili, V. Z.: (Breaking of dormancy, growth periodicity and growth rhythm in 
certain woody species under conditions of artificial illumination). — Priroda. 3:63. 
1948. 

Hamner, K. C. & Bonner, James: Photoperiodism in relation to hormones as factors in 
floral initiation and development. — Bot. Gaz. 100: 388. 1938. 


Hemberg, T.: Growth-inhibiting substances in the terminal buds of Fraxinus. — Physiol. 
Plant. 1:37. 1949. 
Klebs, G.: Uber das Treiben der einheimischen Baume, speziell der Buche. — Abhandl. 


der Heidelberger Akad. d. Wiss. (Math. Nat. Kl.) 3:1. 1914. 

Knott, J. E.: Effect of a localized photoperiod on spinach. — Proc. Amer. Soc. Hort. Sci. 
31: (suppl.) 152. 1934. 

Leman, V. M.: (On the behaviour of seedlings of oak under continuous electrical illumina- 
tion). — Doklady Akad. Nauk. S.S.S.R. 60: 1261. 1948. 

Lawrence, W. J. C. & Newell, J.: Seed and Potting ‚Composts. — 4th Ed. London, 1952. 

Melchers, Georg: Die Auslösung von Blütenbildung an zweijährigen Pflanzen im ersten 
Sommer durch implantierte Reiser selbst nicht blühfahiger Kurstagpflanzen in Lang- 
tagbedingungen. — Naturwiss. 30: 496. 1938. 

Moshkov, B. S.: Role of leaves in photoperiodic reaction of plants. — Bull Appl. Bot. Gen. 
& Pl. Breed. Ser. A. 17:25. 1936. 


GROWTH STUDIES IN WOODY SPECIES VI Did 


Olmsted, C. E.: Experiments on photoperiodism, dormancy and leaf age and abscission 


in sugar maple. — Bot. Gaz. 112: 365. 1951. 
Phillips, J. E.: Effect of day-length on dormancy in tree seedlings. — Jour. Forestry 39: 
55. 1941. 


Pollock, B. M.: The respiration of Acer buds in relation to the inceplion and termination 
of winter rest. Physiol. Plant. 6:47. 1953. 

van der Veen, R.: Influence of daylength on the dormancy of some species of the genus 
Populus. — Physiol. Plant. 4:35. 1951. 

Wareing, P. F.: Growth studies in woody species II. Effect of daylength on shoot-growth 
in Pinus silvestris after the first year. — Physiol. Plant. 3: 300. 1950. 

— Growth studies in woody species III. Further photoperiodic effects in Pinus silvestris. 
— Physiol. Plant. 4: 41. 1951. 

— Growth studies in woody species V. Photoperiodism in dormant buds of Fagus syl- 
vatica L. — Physiol. Plant. 6: 000. 1953. 


PHYSIOLOGIA PLANTARUM, VOL. 7. 1954 


The Thermodynamics of Actively-Maintained Turgor 
Pressure, with a Note on the Idea of Permeability 


By 
D. C. SPANNER 


Dept. of Plant Physiology, Imperial College of Science 
and Technology, London 
(Received December 28, 1953) 


For some time past a controversy has been going on as to whether or not 
the plant cell possesses the ability to absorb water against an activity gradient. 
Movement of water in this sense would of course be spoken of as active 
absorption, the distinction between »active» and »passive» depending on 
whether or not the movement necessarily contributes to an increase of the 
entropy of the system (Spanner, 1953). There is a certain amount of experi- 
mental evidence both for and against the existence of active absorption (see 
for instance, Levitt, 1947 and 1953) and it is not the purpose of the present 
paper to discuss it further. What the author wishes to do is rather to 
examine one point: namely, whether thermodynamics has anything to say 
about the energy expenditure necessary to actively maintain an increment 
of turgor pressure. Levitt (1947) has already published an equation which 
he believes gives the smallest possible energy expenditure adequate for this 
purpose. This has been criticised by the present author (Spanner, 1952) and 
reaffirmed by Levitt (1953). In this paper a very simple case is considered 
which may help to settle this particular point, and in anticipation, the con- 
clusion is reached that thermodynamics alone imposes no limitation what- 
ever on the energy required to actively sustain turgor pressure beyond the 
simple one that its amount is greater than zero. 

Consider the following model. A single cell containing very dilute sap is 
immersed in a fluid medium. Both the sap itself and the external medium 
consist simply of water (w) and a single solute (s), and the entire system 
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is at one uniform temperature. In general there will be a flow of both water 
(J) and solute (J,) into the cell. In terms of the Onsager Theory the »forces» 
promoting these flows will be (de Groot, 1951) 


v„AP 1 | 
<= en en — x . 
T Ter [1] 
and, \ À 
yr Vs Pp 1 Ms 
X,=—— : 8 i ; 
| T i a ae an [2] 


where vy, v, are the partial specific volumes of water and solute; uy, 4, are 
their chemical potentials per gram; c, is the concentration of the solute per 
gram of solution and the symbol A signifies the difference, assumed small, 
between the values of a variable inside and outside the cell; thus AP is the 
turgor pressure. 

Now the entropy production of the system is given by 


o=J,X_4+ 1%, [3] 


In terms of free energy the dissipation will be 


To=TJwXwt+TIsXs [4] 


What we have to determine is the value of this function for the steady state 
in which the flow of water has ceased, i.e. for Jy=0. This can be done as 
follows. Relating the fluxes J and the forces X according to the procedure 
of the Onsager theory we get 


J w= LwwXwt | Wee, © [5] 
JL, Aue | bey. [6] 


where the L’s are »conductance» coefficients whose values will depend on 
such factors as the size and geometry of the cell, and the mechanism by 
which water and solute cross its boundary membrane. Introducing [1] and 
[2] into [5] and writing J„=0 we get 


Ops 
PR as ee ee oleh Leyla APS Hs. Ac,*) =0 [7] 
°c, Oc, 
where the asterisk denotes the steady state. 
Since the solutions are very dilute we can write 
i eee 
= Us? + nr In eo [8] 


8 


where M is the molecular weight of the solute and u,°, c;° refer to some 
dilute standard concentration. Thus we have from [8] 
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oe Rel: 
he 19 
Oc, Mc, 
and by the Gibbs-Duhem relation, 
dc; Mc 
Introducing [9] and [10] into [7] and rearranging, we get 
5 RT Dew Le 
APS Love Ev.) Ach el | =0 [11] 
MD | ey Ic 


This equation expresses the relation between the turgor pressure (AP*) and 
the concentration difference (Ac,*) at the steady state, and it enables us to 
eliminate Ac,* from the equations [1] and [2] and so to get an expression 
for the energy dissipation in terms of the turgor pressure alone. 

If this procedure is carried out we find 


| Cs Lae SIE Lave | 
Ve = aa 


TX APN a : 12 
| 2 Le . ö De] | 
which can be simplified to 
IX, =v, bP [13] 
provided “is small enough. 
In the same way we find 
DEE a Lows Va 
tas ie eee ee 
TX,*=AP* I». | 
| Lies = i | ir 
Lee 7 
mee ORES [15] 


The energy dissipation can now be found from [4] and [6], using [13] 
and [15]. Remembering that J,*=0 we have 


Tot J," Xs" 

= EX x N =f Deke 

mee, Vy AP *? Luw (LiwLss — isla) 
ii Lee 

This equation gives the energy expended by the system in maintaining the 
lurgor pressure AP*, It holds quite generally; that is, whatever the mecha- 
nism (osmotic, electrosmotic etc.) operative at the cell boundary. The only 
qualifications are that the system is isothermal and that both solutions are 
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sufficiently dilute. What light does it throw on the limitations placed by 
thermodynamics on the energy requirement? Most obviously, of course, the 
second law states that the entropy production o must always be a positive 
definite quantity. Amongst other things this implies that the conductance 
coefficients L,„ and L,, are necessarily positive, though the same is not 
true of the »cross-coefficients» Ly, and L,,. However, it is implied that the 
quantity (LywLss —LwsLsw) must be positive, which puts a certain limitation 
on them. 

A second resiriction follows from the Onsager theory, which predicts that 
Ly<=L,,. This means that the product L,;L., is positive, and it follows that 
as the numerical value of these coefficients rises the energy dissipation To* 
falls. Now it is on the »cross coefficients» Ly, and L,, that active mecha- 
nisms depend (Spanner 1953). The more »powerful» the mechanism the 
greater the coefficients. But thermodynamics tells us nothing more about 
them than what has been mentioned above, namely that the product Ly.bsy 
is always positive and less than the product LyyL,;. The former may be 
almost zero, when the equation shows that the energy requirement appro- 
aches infinity; or it may be indefinitely close to the latter, when the energy 
requirement will tend to zero. What is needed to ascertain the value of To* 
in any particular case is a sufficiently detailed knowledge of the system to 
fix the relative values of the cross-coefficients, and so far we are nowhere 
near to this in the general physiological case. But it is at least certain that 
thermodynamics alone does not provide the answer. 

It is interesting to see the relation between equation [16] and the one 
deduced by Levitt. The latter can be written 


W=uAAP#? [17] 


where W is the rate of working (equivalent to To*), u the ordinary per- 
meability to water, A the surface area of the cell membrane, and AP* is now 
the component of the steady turgor pressure actively maintained. The rela- 
tion of u to the coefficients L,x and Lys, can be found as follows. The per- 
meability used is the volume rate of flow of water per unit area per unit pressure 
difference and zero concentration difference. Hence writing AP=1, Ac,=0 
and using [1], [2] and [5] we have 
vA | Mins Ve 


Jy= vs == Lwwp Gi Lier 


or [18] 


uA = + (Lvw Vs LE LwsVs) 


Inserting this value into [17] we have 
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which has very important differences from equation [16]. 


Note on permeability 


The fact emerges from equation [18] that the »permeability» u is not a 
simple property of the membrane at all. By this is meant that it can vary 
without in any way the nature of the membrane itself having been modified. 
Thus if the solute is changed the coefficient Ly, becomes different and u 
alters. But the membrane may be just as it was before. This type of action 
is very well known in the effect of different salts on permeability to water 
(e.g. Baptiste, 1935, where the cross coefficients may be due to electro- 
osmosis). Could they be readily arrived at the coefficients Lyw, Lss, Lys would 
be a much better way of characterising the properties of the membrane than 
its various »permeabilities». 


Summary 


1. Application of the Onsager theory to a very simple case shows to be 
unfounded the claim of Levitt (1947) to have established a thermodynamic 
criterion of the possibility of actively-maintained turgor pressure. 

2. Beyond stating that the energy expenditure is greater than zero, thermo- 
dynamics alone impose no limitations on its magnitude. 

3. The notion of permeability appears to be only loosely defined; its 


magnitude can vary directly either through change of structure, or through 
change of milieu. 
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In late autumn yellow ripe seed-coat of maidenhair tree (Ginkgo biloba L.) 
smells very rancid. This rancid odour was studied by Bechamp (1) in 1864, 
who found that some volatile lower fatty acids are responsible for it. We 
have been engaged in the study to make clear the process of formation and 
the possible significance of these acids, investigating their seasonal changes 
in seed-coat and leaves of this tree by paper partition chromatography. These 
acids are always accompanied by non-volatile organic acids. Among them 
there is an acid which is always found in any season. Since the Rice value 
of this acid, that is the ratio of R; value of an acid to that of malic acid, 
varied according to solvent systems, namely, in phenolic solvents it was 
greater than 1 and, on the contrary, smaller in alcoholic solvents, we found 
that this acid was not identical with any of the organic acids which are 
known to be present usually in plants and do not show different Rare value. 
So far as our study by paper chromatography concerned, this acid appears 
to be widely distributed in gymnosperms. Actually we isolated this acid in 
an appreciable amount from the leaves of Pinus Thunbergii Parlatore, com- 
mon in Japan, and were able to identify it with shikimic acid. Shikimic 
acid showed on chromatograms the same R; values as the acid concerned. 

Shikimic acid (A!*-3 6, 4a, 5 a-trihydroxy cyclohexene-1-carboxylic acid) 
was first isolated from the fruits of Illicium religiosum Siebold by Eijk- 
man (2) during his stay in Japan, and since then it was reported to be present 
in fruits of Illicium verum Hooker (3), autumnal yellow leaves of maidenhair 
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tree (4), and the tannin of sumac (5) (Rhus semialata Murray). It is very 
likely that shikimic acid has a wide distribution not only in gymnosperms, 
but also in angiosperms. 


Experiment 


1. Extraction and paper partition chromatography 


Leaves (10 g.) of a gymnosperm, which were collected in the morning of 
a summer day, were crushed in a mortar, and extracted two times with 
100 ml. of boiling methanol each time for 1 hour, the methanolic extract was 
distilled off and the residue was dissolved in 50 ml. of water and the insoluble 
part was discarded. 

A glass tube of 0.8 cm. diameter, equipped with a cock at the bottom so as 
to let a liquid flow drop by drop, was filled with glass-wool on the bottom, 
and then charged with 5 g. (air-dry weight) of the strong base anion exchange 
resin »Amberlite IRA 410», mixed with water, under stirring, so that the 
bubble might not migrate. The resin was then in situ activated by flowing 
down 100 ml. 0.1-N sodium hydroxide solution and washed thoroughly with 
distilled water until the effluent was no more alkaline. 


The aqueous extract described above was allowed to flow down slowly in 
the resin tube at a rate of 1.5—2.0 ml. per min., so that the organic acids 
contained in the solution were completely absorbed by the resin and the 
effluent became alkaline. The resin, which has absorbed the acids, was 
washed thoroughly with distilled water until the effluent was colourless and 
showed no more alkalinity, and was rinsed with 50 ml. of 1-N ammonium 
carbonate solution at a flow-rate of 1.5—2.0 ml. per min. to elute the organic 
acids quantitatively from the resin. The effluent was then evaporated on a 
steam-bath and the dried substance was dissolved in 1 ml. of water to carry 
out paper partition chromatography. 


2. Operation of paper chromatography 


Whatman No. 1 filter paper strip, 5 cm. wide and 30 cm. long, was used 
throughout. Phenol-water-formic acid (3 g.:1 ml. : 1 per cent) (A) (6), and 
pentanol-5-N formic acid (1:1) (B) (7), or ether-acetone acid-water (6,76% 
3:1) by volume (C) (8) were used as solvents. For the preparation of the 
first solvent system, we mixed 3 parts of phenol, 1 part of water, and 0.04 
parts of 90 per cent formic acid. In most cases, the ascending method was 
adopted. In the case of solvent (A) and (B), the time required by the solvent 
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for running 15—20 cm. distance above the initial spots, was 15-—20 hours 
while in the case of the solvent (C), it was 2—3 hours. 

After the development was ready, the paper was dried for 15 min. at 100 
in a circulating air oven, and subjected to the micro steam distillation after 
the technique of Denison (8) to remove any trace of volatile acidic sub- 
stances. By washing the chromatogram with ether, the same result was 
obtained. The position of the acids on the chromatogram was shown by 
spraying the dried paper with 0.04 per cent neutralized solution of bromo- 
cresol green in 95 per cent ethanol. The spots of acids seemed yellow against 
the blue background, and the center of each spot was determined by exposing 
it in a vapour of ammonia. By this method we were able to distinguish two 
acids with very close R; values. Since organic acids usually can not be 
identified only by R; values, we tried various colour reactions upon chromato- 
grams. Though we did not succeed in finding specific testing methods for the 
acids, two colour reactions described below gave comparatively good results. 

1) 2 per cent aqueous potassium permanganate solution was sprayed on 
the paper and then immediately washed with water until the red colour of 
permanganate disappeared, when the spots of acids which had any double 
bond (shikimic acid, fumaric acid, ascorbic acid) remained dark brown and 
the hydroxy acids (malic, citric, and tartaric acid) were white against the 
light brown background. 

2) 3 parts of acetic anhydride and 7 parts of pyridine were mixed (9) just 
prior to use, sprayed, and the paper was then heated in an oven at 100 for 
5 min., when tricarboxylic acids (citric acid) appeared forming intensive 
fluorescent spots under ultraviolet light. 

R; values of shikimic acid were 0.58 in solvent A, 0.20 in solvent B, and 
0.37 in solvent C. The range of concentration was determined by comparing 
the area of the acid spots with that of acid spots of known concentra- 
tions (10). Exact quantitative estimation was unable owing to the insufficient 
sensitiveness of B. C. G. in color change. 


3. Distribution of shikimic acid 


The distribution of shikimic acid in the leaves of gymnosperms examined 
by the above method is shown in the accompanying table. 

From the table it can be seen that (1) it is only 4 species in which we 
could not find shikimic acid, (2) shikimic acid is present in quantities of 
1—10 mg. per 1 g. fresh weight in the species, taken from the families 
Taxodiaceae and Pinaceae, while it was present in concentrations of about 
0.5 mg. per 1 g. fresh weight in species taken from the families Taxaceae 


and Cupressaceae. 
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Table 1. Distribution of shikimic acid in gymnosperms. 


à 


: Shikimic 
Family Species acid 
Cupressaceae Brotalorientalıs[Emdlicherewee ee cet eae or 
Chamaecyparis obtusa Endlicher ...............- + 
Cupressus Benthamii Endlicher . ................ + 
JuniperusICcRinensISMERPEEEPEEE PEER ECC CEE + 
JluniperuswoUrginianan ler EEE CCC EE CE + 
Tibocednusonmosan INOAW. PPRERECE EEE TETE + 
ThujasStandishi Garzierer a ee re an 
ithujopsis dolabratasSieb wet ZUCC erie ee a: 
Cruptomeriagaponicaa Ds DOnwen eet eee ree +++ 
Taxodiaceae Cunninghamia lanceolata Hooker ............... + + + 
Metasequoia glyptostroboides Hu et Cheng ...... SP ar 
Sctadopitys verticillata Sieb. et Zucen ne... ++ 
Senuotagsempervizensalndlıcherereeerz ee +++ 
Taxodium distichum Richard ................... + 
Pinaceae Abies Mayriana Miyabe et Kudo ................ + 
Cedrus Libani Barr. var. Deodara Hooker f. ...... +++ 
Keteleeria/DavidiandiBeiSS Re + + 
LAritMeplolepiSSGORTONR EE PP EEE EC ECC — 
Preeasexcelsar lan km ra fo OO ee ee +++ 
Pinwsrdenst/lora sich EAN 3 rere ++ 
BinusgpanviflorasSiebzeirZucc ee Sr ar 
Pinus GStrob usc ir an cae tcp ay Pera ee eer ++ 
BinuselhunbergusB arlatorege trae ++ 
Pseudotsuga japonica Beissner .................. S25 
i SUGAUSLe DOLCE Carrier en +++ 
Taxaceae NozuszcuspıdatasSiebetsZz uc Cr ee Ar 
T.azust baccatai rs RE RE EE + 
Horreyanuct er tiSIebAeEZUCC EEE + 
Cephalotaxaceae Cephalotaxus drupacea Sieb. et Zucc. ............ + + 
Podocarpaceae Podocarpus macrophylla D. Don ................ — 
Podocarpus Nageia Zollinger et Moritzi .......... — 
Araucariaceae ATAUCATIARLMOTICALANE AV ONE EE + + 
Cycadaceae CCE role Mers à Los acsvcococooseosaveoe —— 
Ginkgoaceae Ginkgo. DUO D AIRE ee ee one ee +++ 


+++ means 5—10 ml./g., ++ 1—5 mg./g., + 0.5—1 mg./g., + below 0.5 g./g. 


4. Isolation of shikimic acid from the leaves of 
Pinus Thunbergii Parlatore 


Fresh leaves (2 kg.) of Pinus Thunbergii Parlatore were boiled two times 
with 5 1. of methanol each time for 2 hours and the methanolic extract was 
distilled off. After the residue was dissolved in water, the insoluble part was 


OCCURRENCE OF SHIKIMIC ACID IN THE LEAVES OF GYMNOSPERMS 287 


discarded by filtration. The aqueous solution was concentrated by distillation 
in vacuo to a syrup and then extracted several times with absolute ethanol. 

The ethanolic extract was concentrated and the residue was extracted 
several times with ethyl acetate. The ethyl acetate solution was left standing 
overnight and the supernatant was concentrated. When the residue was treated 
with acetone and recrystallized from absolute ethanol. Fine white needles were 
obtained, which melted at 185°; yield about 2.0 g. (1 per cent of fresh weight). 


No depression of the melting point was observed, when mixed with shikimic 
acid isolated from the fruit of Illicium. 


Elementary analysis. (dried at 100—-110 in vacuo for 2 hours) 


PO Meee. ae oe ER ee C 48.47, H 5.68 
Caled Tor HOSEN oooh cars C 48.27, H 5.79 


Molecular weight determination by titration. 
0.1026 g. substance required 6.5 ml. 0.09-N sodium hydroxide solution 


Found (as a monobasic acid) ..... M.-W. 175.4 
Cale AOE LS TS OS clowns. ses » 174.0 


Specific rotation. 
1.042 g. substance; 25 ml. water, 2 cm. tube, a=15° 8’ 


[a]? = —181.4° (water, c=4.17 %/o) 


Specific rotation of shikimic acid reported by Eijkman (11): 
[a]? = —183.8° (water, c=4.03 °/o) 


5. Dibromo derivative of shikimic acid 


To an oversaturated aqueous solution of the acid an equal quantity of 
bromine was added under cooling with ice and stirring, when the crystals 
of the dibromo acid appeared. After the separation was complete, the crystals 
were filtered and recrystallized from ethanol or ether. Colourless long needles 
were obtained which melted at 188° (decomp.). Dibromoshikimic acid also 
decomposed at 188° (11). 


6. Infrared absorption spectrum 


The infrared absorption spectrum of the acid isolated from Pinus Thun- 
bergii was identical with that of shikimic acid isolated from Illicium ani- 
satum. 
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Discussion 


Though the constitution of shikimic acid is similar to that of quinic acid 
which has been known to be fairly distributed in the plant kingdom (12), 
it has been found hitherto only in few plant species. Recently the investiga- 
tion of Davis (13) proved that shikimic acid may be the precursor of 
aromatic amino-acids and may play an important réle in the metabolism of 
microorganisms. Sato (14) suggested that shikimic acid may be derived from 
sedoheptulose and further he obtained a shikimic dehydrogenase prepara- 
tion from Escherichia coli (15). On the other hand, it has recently been 
shown (16) that phosphoryl sedoheptulose is detectable among the primary 
products of plant photosynthesis, and in connection with these findings it 
might be of some interest to think of a possible biochemical relationship 
between sedoheptulose and shikimic acid. 


Summary 


1) We have confirmed the wide occurrence of shikimic acid in gymno- 
sperms by paper partition chromatography. Shikimic acid was found in 30 
species out of 34 species tested. 

2) Shikimic acid was present in concentrations of 1—10 mg. per g. fresh 
weight in species of Taxodiaceae and Pinaceae, while it was present in con- 
centrations of 0.5 mg. per g. fresh weight in species of Taxaceae and Cu- 
pressaceae. 

3) We have isolated shikimic acid from the leaves of Pinus Thunbergii 
Parlatore. 


We wish to thank Prof. Y. Morino and Mr. T. Miyazawa of the Chemical Institute 
of the University of Tokyo in making infra-red absorption spectrum analysis. We 
also express our thanks to Mr. Y. Hayashi of the Government Forest Experiment 
Station for supplying us with plant materials. Thanks are also due to Miss T. Naka- 
gawa who technically assisted us. 
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Introduction 


This paper is one of a series attempting to identify and assess the role of 
the metabolic changes induced by indole-3-acetic acid (IAA) which underlie 
cell enlargement in plants. Sections of tobacco pith cultured on agar were 
adopted for such work following the demonstration by Skoog and co- 
workers (2) that if IAA is incorporated in the medium the cells of such 
lissue enlarge markedly without dividing. To date several metabolic changes 
preceding cell enlargement have been discovered in this material, including 
a rise in respiration and a large increase in ascorbic oxidase activity, as 
previously reported by Newcomb (9). In this paper, it is shown that when 
IAA is incorporated in the medium, the pectin methylesterase (PME) activity 
of the pith tissue is sustained above the control activity prior to enlargement, 
then increases to almost twice that of control sections during the rapid phase 
of cell enlargement which begins after about 72 hours of culture. This 
enzyme catalyzes the hydrolysis of methyl groups from the methylated 
carboxyls of pectin. It has previously been shown by Neely et al. (8) that 
2,4-D causes a doubling of PME activity in the leaves and stems of red 


kidney bean plants within six days when applied to the base of a leaf 
petiole. 
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Materials and Methods 


Sterile pith tissue was obtained from Wisconsin Nr. 38 tobacco plants grown in 
the greenhouse until 3—4 feet tall. The stem portions used included the third through 
the sixth internodes. The leaves were trimmed off and the stems were swabbed with 
70 per cent ethanol and cut into 4 cm. lengths. The bark was then peeled away, 
leaving cores of pith enclosed in vascular tissue. Cylinders of pith were obtained 
by boring longitudinally through these cores with a nr. 3 cork borer. The cylinders 
were cut into discs with a cutter containing several evenly spaced razor blades, each 
disc being approximately 7 mm. in diameter and 3 mm. thick, and weighing 
125+5 mg. The discs from several stems were mixed together, then planted on 
50 ml. of sterilized medium in 125 ml. flasks, 6 to a flask. The medium consisted 
of 2 per cent sucrose and 0.7 per cent agar, with or without 3.5 mg. {2X10 5 M) 
of IAA per liter. Minerals and vitamins were not included in the medium since the 
cells enlarge satisfactorily on IAA and sucrose only. 

The discs of tissue were harvested at 24 hour intervals and homogenized with a 
Potter homogenizer in 2 ml. of 0.1 M phosphate buffer at pH 7.0. Aliquots were 
then assayed for PME activity and for total nitrogen. Twelve discs each of control 
and IAA-treated tissue were used for each assay. Nitrogen was determined by the 
Kjeldahl procedure with Nesslerization. The reaction mixture for pectin methyl- 
esterase assay was a slight modification of that used by MacDonnell, Jansen, and 
Lineweaver (7), and consisted of 25 ml. of 1 per cent citrus pectin (Eastman), 
2.0 ml. of tissue homogenate, 3.0 ml. of 1 M CaCl,, and 20 ml. of redistilled water. 
The reaction mixtures were placed in 125 ml. flasks, adjusted to pH 7.0, and 
incubated in a water bath at 25° C. The free acid produced by de-esterification due 
to enzymatic activity was titrated every ten minutes with 0.01 N NaOH. Activity 
was expressed as milliequivalents of acid produced per hour per mg. nitrogen. 

Fractionation of homogenates to determine the intracellular localization of PME 
was done by differential centrifugation at 2° C. in an International refrigerated 
centrifuge with high-speed attachment. Homogenates were made in 0.05 M and 0.1 M 
acetate buffer at pH 4.4, in 0.05 M and 0.1 M phosphate buffer at pH 6.0 and 7.0, 
and in 0.1 M borate buffer at pH 8.0 and 9.0. Twelve sections were homogenized 
in 2.0 ml. buffer and an aliquot of the whole homogenate was removed. The wall 
fragments (Fraction I) in the remainder were removed by centrifugation at 500g 
for 5 min., then washed 3X by resuspension in buffer and recentrifugation. The 
supernatant with combined washings was centrifuged at 13,000 g for 15 min., and 
the residue so obtained (Fraction II) was resuspended in buffer and recentri- 
fuged 3X. The remaining supernatant and washings from Fraction II were com- 
bined and constituted Fraction III. Aliquots of the original homogenate and of all 
three fractions were assayed for PME activity and for total nitrogen. Regardless 
of pH employed in homogenization and washing, the pH was always subsequently 
adjusted to 7.0 for determination of PME activity. 


Results 


The PME activity of the tobacco parenchyma cells cultured on. IAA is 
maintained somewhat above the decreasing activity of the controls during the 
first 3 days, as is illustrated by a representative experiment shown in Figure 1. 
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Figure 1. Changes in pectin 
methylesterase activity and in 
fresh weight of excised to- 
bacco pith discs cultured on 
a sucrose agar medium with 
and without IAA (3.5 mg/l). 
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On the 4th and 5th days, the activity rises markedly above that of the con- 
trols. This enhanced activity coincides with the commencement on the 
4th day of a rapid gain in disc fresh weight over that of the controls and of 
visible enlargement and separation of the treated cells. Relative activities and 
changes with time similar to the above were obtained for treated and control 
discs in each of four other experiments employing plants grown at different 
times of the year. After 120 hours the activity of the IAA treated cells in the 
5 experiments averaged 182 per cent of that of the controls. While the PME 
activity is expressed on a total nitrogen basis, the trends are similar if the 
data are expressed as activity per disc since no nitrogen is supplied in the 
medium and the nitrogen contents of the control and IAA-treated dises vary 
only slightly throughout an experiment. 

Data on the distribution of PME activity and of nitrogen in the subcellular 
fractions prepared by differential centrifugation are given in Tables 1 and 2 
for tissue homogenized immediately upon removal from the plants. Evidence 
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Table 1. Distribution of pectin methylesterase in tobacco pith fractions. Determinations 
at each pH made in 0.1 M buffer as described in text on 12 discs immediately after excision 
from stems. The supernatant (Fraction III) showed no PME activity at any pH. 

Total activity: milli-equivalents of acid produced per hr. by 12 homogenized dises or an 
equivalent amount of each fraction. 


Specific activity: Milli-equivalents of acid produced per hr. per mg. of total nitrogen. 


| P ti | 0/0 recovery ! 
pH Pectin methylesterase on in Fractions 
Homogenate Fraction I Fraction Il I and II 
| Totalraclıyity 2... er. 0.059 0.048 0.000 | 
4.4 ) OO) totale seen 100 80.5 0.0 À 80.5 
SPC a GULvil ye er — — — | 
|| Total activity .2.......: 0.479 0.420 0.050 | 
6.0 | Moro Total AE coe ne 100 Shel 10.4 98.1 
I Specific activity 2.2... 0.184 2.36 0.305 | 
| Motalvactivity ee 0.445 0.248 0.102 | 
7.0 | or totalen cette i00 38.2 22.9 78.6 
| Specific activity a... 0.161 1.84 0.479 | 
| Total actifs... 0.401 0.323 0.042 
DE Ol LOCAL can: 100 80.5 10.3 90.8 
| Specific activity ........ 0.178 2.78 0.252 
| Total activity „2.2.22 ->% 0.366 0.267 0.000 | 
9.0 Ofg-Of LOtAL CE. 100 73.0 0.0 73.0 
| * “fe . . 
ie Specie Activity - .- — = = | 


based both on the distribution of PME in such fractions and on that shown 
by intact cells indicates that the enzyme is localized at the surface of the cell 
in intimate association with the wall, as would be expected from its function. 
The walls of the pith cells are not finely dispersed by the Potter homogenizer. 
but remain mostly as large sheets which can be readily sedimented at a low 
centrifugal force, and thus separated from the cell contents (Newcomb, 9). 
Such isolated, washed wall material (Fraction I) has à fairly constant nitrogen 
content which is about 5 per cent of the total cell nitrogen. Although con- 
taining only a small part of the cell nitrogen, this material possesses about 
80 per cent of the PME activity of the whole homogenate and nearly 90 per 
cent of the activity recovered in the fractions isolated by centrifugation. 
Variation of the pH of the buffer used in homogenizing the tissue and washing 
the wall fraction does not elute the activity from the wall over the pH range 
from 4.4 to 9.0 (Table 1). At the lowest and highest pH values used (4.4 and 
9.0), both the PME activity of the whole homogenates and the percentage 
recovery in the fractions are reduced. Recovery in the fractions isolated by 
centrifugation varied from 98 per cent of the activity of the whole homo- 


genate at pH 6.0 to 73 per cent at pH 9.0. 
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Table 2. Distribution of total nitrogen in fractions of tobacco pith prepared by differential 
centrifugation. Determinations made on Preparations used for PME activities reported in 
Table 1. 

: 
| | Total N recovery | pH of Fractionation | 


Preparation | Ra: | — 4 
| a PA TRES | 60. 7.0 8.0 
| Homogenate ........... | pg N | 2,610 | 270 9,945 | 
| Re A | ug N 178 | 135 116 
(Weal) pas edcte coe eben noe | 0/0 recovery 6.8 | 4.9 5.1 
Fraction DE | ug N | 164 | 213 167 
(Mitochondria?) ....... 0/0 recovery | Gay | Mon | 7.4) 
Fraction II ........... ug N | 2.250 | 2,260 2,125 
(Supernatant) iar 0/0 recovery 86.2 | 81.6 | 94.7 


Fraction II, which presumably consists largely of mitochondria, contains 
slightly more of the total nitrogen than the wall fraction, but only about 
10 per cent of the total PME activity. The soluble fraction (Fraction III), 
while containing most of the cell nitrogen, exhibits no PME activity under 
any conditions. Therefore, it does not appear likely that the activity found 
in Fraction II is due to adsorption of soluble PME or of PME solubilized 
during fractionation. If it is assumed that all of the enzyme is localized in 
the cell wall in the intact cell, then the activity in Fraction II must be due to 
small fragments of wall material, and indicates the extent of contamination 
of this fraction with wall material under these conditions of homogenization. 

Evidence for the surface localization of PME was also obtained by 
demonstrating that intact cells show considerable PME activity when in- 
cubated with the pectin reaction mixture. For this work, dises cultured for 
five days were used, since by that time the enlarging cells of discs on IAA 
had partially separated from one another and offered greater exposure of the 
surfaces to the substrate. Control discs, the cells of which had not separated 
from one another, showed about 30 per cent of the activity of an equivalent 
homogenate of the tissue, while IAA-treated discs with greater exposure of 
the cell surfaces to the medium had 60 per cent of the activity of an equi- 
valent homogenate. Such high activity of intact cells toward the non- 
penetrating pectin molecules constitutes good evidence for the surface 
localization of this enzyme. 

There is no stimulation of PME activity in vitro by the addition of IAA 
to the assay reaction mixture over a wide range of concentrations, and there 
is complete inhibition of enzymatic activity at IAA concentrations of 110-4 M 
and above (Table 3). These results furnish no evidence that IAA functions 
as a coenzyme of PME. 
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Table 3. Effect of indoleacetic acid (IAA) added to reaction mixture on pectin methyl- 

esterase activity of tobacco pith. Reaction mixture prepared as described in text, using 

discs immediately after excision from stems. [AA added immediately prior to incubation 
with substrate. 


Final molarity of IAA in reaction mixture | Meq./12 discs/hr 


0 0.336 
4 X 10-10 | 0.312 
110 0.312 
1107 0.276 
4 X 10—5 | 0.252 
1X 10-+ | 0.000 
5 X 10-4 0.000 


Discussion 


Many investigators have concluded that auxin causes a plasticizing of the 
primary wall in the early phases of cell enlargement, although there is no 
general agreement that this is its principal effect. Levitt (6) has recently 
presented arguments that a metabolically controlled increased wall plasticity 
is the major effect of auxin, and Burström (1) has also concluded that this 
change constitutes the first phase in the effects of auxin on root growth. 

In view of the evidence presented by Kerr (4) that protopectin forms a 
continuous phase in the primary wall while the cellulose microfibrils form 
a discontinuous phase in a matrix of pectic substances, it appears likely that 
changes in the pectic substances are important in the above-mentioned 
plasticizing process. Such a suggestion was, in fact, made in 1939 by van 
Overbeek (10). More recently van Overbeek (11) has made use of the data 
of Neely et al. (8), showing stimulation of PME activity by 2,4-D, to propose 
that auxin, by stimulating PME activity, initiates the breakdown of proto- 
pectins resulting in a reduced tensile strength of the young primary wall and 
a subsequent stretching by the turgor pressure of the cell. Kerr (4) has also 
suggested that the initial changes occurring during growth may involve the 
easily hydrolyzable pectic substances rather than the cellulose. This is also 
the viewpoint of Wilson and Skoog (12), whe have shown in the same tissue 
and under the same conditions as those used in the present investigation, 
that IAA causes marked changes in the amounts of the pectic substances 
prior to and during the period of rapid cell enlargement. 

The work reported here supports the hypothesis that auxin brings about 
changes in the pectic substances early in the process of cell enlargement, by 
demonstrating that IAA causes a rise in the activity of an enzyme known to 
participate in their degradation. If pectin methylesterase does indeed play an 
essential role in cell enlargement, this role can only be surmised until the 


296 WALTER H. BRYAN AND E. H. NEWCOMB 


enzymatic processes involved in the formation and degradation of wall con- 
stituents are much better known. There is now considerable evidence (Jansen 
and MacDonnell, 3; Kertesz, 5) that polygalacturonase, which hydrolyzes 
pectin to free galacturonic acid, acts much more rapidly upon the de- 
methylated chains of pectic acid than upon the partly methylated chains 
of pectin. It is therefore attractive to assume that pectin methylesterase, by 
controlling the rate and extent of demethylation of protopectin in the wall, 
may regulate polygalacturonase activity, and that these two enzymes are 
among those whose activities are controlled by auxin and which collectively 
make possible the plastic stretching of the cell wall and the insertion of new 
material. Polygalacturonase activity is demonstrable in the pith tissue, and 
is now under study in this laboratory. 


Summary 


When tobacco pith sections are cultured on agar containing indoleacetic 
acid (3.5 mg/l), the pectin methylesterase (PME) activity of the tissue is 
sustained above that of the controls prior to enlargement, then increases to 
almost twice that of the control sections during the rapid phase of cell 
enlargement which begins after about 72 hours. Most of the PME activity 
of the whole homogenate is recovered in the wall fraction isolated by dif- 
ferential centrifugation, although this fraction contains only 5—7 per cent 
of the total cell nitrogen. Intact cells show high PME activity toward the 
non-penetrating pectin molecules. IAA added to pith homogenates does not 
stimulate PME activity at low concentrations, and inhibits it at higher con- 
centrations. 

A possible role of pectin methylesterase in cell enlargement is discussed. 


This work was supported in part by the University Research Committee with funds 
from the Wisconsin Alumni Research Foundation. 
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Introduction 


In a previous paper, one of us (Williams, 1952) reported the results of 
some investigations into the factors affecting the starch-content of Pelar- 
gonium stomata. The most striking effect there recorded was an inter- 
action between light and humidity, in that starch was markedly reduced 
under conditions of light and high humidity but under no other conditions 
investigated; whereas aperture appeared to be controlled solely by light, and 
quite unaffected by humidity, However, in all these experiments (light) was 
known to be completely confounded with (low CO,), and it was obviously 
desirable to elucidate the complete (light) (CO,) (humidity) interactions. This 
paper reports the results of such an investigation. All experiments were 
carried out on attached leaves of Pelargonium zonale Soland., var. ‘Paul 
Crampel’, growing in a moderately heated greenhouse. 


I. Interaction Phenomena 


1. The basic experiment 


The relevant conclusions of the previous paper having been based on a 
small number of observations, we thought it desirable first to repeat the 
simple experiment which underlies the investigations to be described in 
this section. The experimental set-up is shown in Figure 1. The leaf was 
left in position for between 2 and 3 hours, Under these conditions, that 
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Figure 1. Experimental set-up for basic 
experiment. a, 150-watt water cooled in- 


candescent lamp; b, Perspex plate; c, leaf; 
d, Perspex block with circular well almost === € 
filled with anhydrous CaClo. 


portion of the leaf enclosed between the plates rapidly reduces the CO,- 
content of the air in its vicinity, and the stomata open; and that part of the 
leaf above the well remains in a dry atmosphere, whereas that between the 
plates but outside the well rapidly becomes wet as the result of the condensa- 
tion of transpired water-vapour. The part of the leaf not enclosed between 
the plates (»outside» in the following account) served as a control. A strip 
of epidermis was taken from each of the three areas (wet, dry, outside) and 
starch estimated, on 20 stomata from each strip, by the method previously 
described (Williams and Spencer, 1950, as modified by Williams, 1952). 
Table 1 gives the results of seven such experiments. 

As compared with »outside», »dry» shows a mean reduction in starch per 
leaf of 16-0 units, which is not statistically significant (0-30 > P > 0-20); 
but »wet» shows a mean reduction of 73:9 units, which is highly significant 
(0-01 >P>0-001). The reduction of strach under conditions of light (and 
therefore low CO,) and high humidity is abundantly confirmed. It is not 
practicable to repeat the experiment in darkness in this precise form, as 


Table 1. Effect of »dry» and »Wet» enclosure of an illuminated leaf. Values are of 
stomatal starch (means of 20 stomata) expressed as projected area in ae 


EEE 


| Leaf No. Outside | Dry Wet | 
| 
hive 140.1 141.1 80.1 | 
Le 42 153.3 166.2 98.8 | 
3 181.6 116.5 57.8 
| 4 165.7 125.3 74.3 
| 5 102.5 87.8 Bi 
6 159.0 135.4 494 | 
7 | 134.9 152.6 92.3 | 
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stomatal closure drastically restricts transpiration; but it will be recalled 
from the previous investigation that observations using darkened humid 
porometer-cups suggested that the phenomenon was not shown in darkness. 
A prima facie case has thus been made for a light-humidity interaction in 
stomatal starch; and we now proceed to the further elucidation of this 
interaction. 


2. Complete interaction — first investigation 


The first attempt at elucidation was a complete failure, and no useful 
purpose would be served by presenting the results in detail. However, since 
the cause of these results, so far as they could be ascertained, dictated to 
some extent the technique used in the later (successful) experiment, a brief 
account is necessary, Part of a leaf was enclosed in a porometer-cup and 
subjected for 2 to 3 hours to an air-stream complying with one of the 8 
possible conditions (with or without CO,, dry or wet, in light or darkness) ; 
the methods used to obtain these conditions will be described in connexion 
with the later experiment. There were 2 replicates for each treatment, and 
the whole design was repeated, with unimportant differences of technique, 
on a second occasion, Stomatal resistance was measured by means of a 
{imple resistance porometer; a strip of epidermis was removed as quickly as 
possible from the underside of the experimental region, plunged into absolute 
alcohol and used for starch estimation. This was carried out (on 20 stomata 
per strip) by the same drawing-and-measuring technique as before. 

The results were disappointing and quite impossible to interpret. Of signi- 
ficant variances, aperture showed a main-effect due to CO, and a humidity- 
light-occasion interaction; starch only a first-order interaction between CO, 
and occasion. The disturbing feature of this result is that the expected 
reduction in starch in, at least, the condition (—CO,) (wet) (light) — which 
according to the preliminary experiment must occur — is not shown. Two 
conditions are admittedly different: the air is moving instead of still, and 
is completely free from CO, — in the simple experiment the photosyn- 
thesizing leaf will only reduce the CO,-content of the air, to about 0:01 per 
cent by volume (vide, e.g., Gabrielsen, 1948, and Heath, 1949). However, 
investigation showed that these were not the primary causes of failure, which 
were twofold. First, in the more complex apparatus the illumination was 
inadequate, a fault easily remedied. Secondly, the method of starch esti- 
mation was unsound, The complete experiment of necessity lasted some 
months, and this involved the use of leaves of varying physiological status, 
with consequent excessive starch differences. Moreover, in moving-air 
experiments a reduction in starch as great as that shown in the static experi- 
ment was never obtained, and the final starch value depended very greatly 
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Air from blower f 


Figure 2. Schematic diagram of apparatus used in interaction experiments. 
For explanation, see text. 


on the initial value: it was thus most desirable to have a control strip [rom 
the same leaf. Lastly, a sample of 20 stomata was suspected to be too small. 
Using the drawing-and-measuring technique, the labour entailed in taking 
more stomata on twice the number of strips would have been prohibitive; 
and it was for this reason that the »scoring» technique of Williams and 
Barrett (1953) was devised. 


3. Complete interaction — final investigation 


(i) Apparatus. This is shown diagrammatically in Figure 2. A waler- 
operated blower, drawing air from outside the laboratory, forces a stream 
of air across a Marriott bottle (a) and through a flowmeter (b): all experi- 
ments were conducted at a flow of circa 6 V/hr. By means of the taps T, and 
T, the stream was then either passed through 40 per cent NaOH followed 
by 2 soda-lime towers (c), or taken direct to the next stage. Here, by means 
of the taps T, and T,, it passed through either two CaCl, towers. (d) or a 
humidifier (e) In the latter, the air passed through boiling water and the 
mixture of steam and air allowed to regain room-temperature in a 4-ft. 
air-condenser. The air then passed into the porometercup (/) (diameter 2-9 
cms.), which could be illuminated by a water-cooled 150-watt incandescent 
lamp (c. 1000 ft.-candles at the upper surface of the leaf) or darkened. The 
cup was attached to the leaf by the usual glycerine-jelly ring smeared with 
a beeswax-» Vaseline» luting-wax. During the actual run the air bubbled out 
under about 5 cm. of water (g), thus ensuring that there was always a slight 
positive pressure within the cup. The leaf was subjected to these conditions 
for between 21/2 and 3 hours; after this, the airstream was stopped, T, 
closed completely, and T, turned to connect the porometer. This was a 
simple resistance porometer (Gregory and Pearse, 1934) and calls for no 


comment. 
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(ii) Measurements.— aperture. Stomatal aperture was measured imme- 
diately the airflow was discontinued. An attempt was then made to obtain 
a »control» value by detaching the cup and refixing it on a part of the leaf 
which had not been previously enclosed. This was misguided; for reasons 
which could have been, but were not, foreseen, the »control» values thus 
obtained fluctuated wildly and were not used. However, the procedure intro- 
duced an unexpected complication into the starch measurements. 

(iii) Measurements — starch. Immediately the first measurement of stoma- 
tal resistance had been taken, the cup was detached and a strip of lower 
epidermis removed from the enclosed area. This, like all subsequent strips, 
was preserved in absolute alcohol for later measurement. Ideally, a second 
strip should then have been taken as quickly as possible from the unen- 
closed area — so far as changes in external conditions are concerned, starch 
is less sensitive than aperture and this would have been an adequate control. 
However, at this point the second porometer measurement was made; and, 
after it was completed, the »starch control» strip taken from the »aperture 
control» area. The two starch strips were separated in time by about 4 
minutes. As a precaution — fortunately — a third strip was then imme- 
diately taken from the original experimental area. There were thus 3 strips 
for each run, arbitrarily lettered as follows: — 


X: experimental area. 
Y: experimental area, 4 mins. later than X. 
Z: control area, same time as Y, 4 mins. later than X. 


It was expected that there would be no change in starch in the experi- 
mental area during the 4 minutes, so that X and Y would be substantially 
identical. The fact that this proved not to be the case (vide Part II of this 
paper for an investigation of this effect) complicated the subsequent ana- 
lysis considerably. 

100 stomata were »scored» on each strip, and the scores transformed into 
mean areas by the method described by Williams and Barrett (1953). 

(iv) Experimental design. 3 Factors, each at 2 levels, replicated 4 times. 
(Light or dark; wet or dry; +CO, or —CO,; 4 replicates of each). 

(v) Results — aperture. The aperture results are given as a table of means 
in Table 2, together with the analysis of variance. It will be immediately 
clear that the three main factors act independently without significant 
interaction; darkness, dryness and the presence of CO, all tending to close 
the stomata. A more detailed investigation of the effects of light and CO, on 
stomatal aperture has been undertaken by Heath and Russell (in press); we 
need say no more than that the results quoted here (for Pelargonium) do 
not conflict with their findings for wheat. A note is required, however, on the 
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Table 2. Results of interaction experiment — aperture (Calculated as logi910°R, where R 
=stomatol resistance in arbitrary units). 


(i) Table of means (ii) Analysis of variance 
es — 
| Conditions | Wet Dry | Source of variance | D. F. Mean square 
| | | | 
Sane eaten BASE EI Dec 1 6.8821 | 
| gee Dark in 1.81 2.86 | Humidity. 0... | 1 5.4946 
ns {Lig … 158 | 224 Light ee esata 1 14.6611 
Dark ee 3.10 3.50 CO, — humidity | 1 0.7320 
GO; light. | 1 0.0144 
Light — humidity... 1 0.0820 
ZndeOrdererr. ere | 1 | 0.0051 
Dig) dee ee 24 | 0.2184 


closing effect of dry air, since, although its effectiveness in closing wheat 
stomata is well established (Heath and Milthorpe, 1950), Williams has 
previously stated that it is without effect on Pelargonium. The discrepancy 
seems to be one of degree rather than kind; the previous statements have 
been based on static experiments, and a stream of dry air will clearly provide 
more stringent conditions. We suspect, too, that the conditions under which 
the plants are grown are relevant; plants grown, as ours have been, in a 
greenhouse may be expected to have thinner cuticles and to be more sensi- 
tive to external drought. 

(vi) Results — starch. The problem here is to decide which is the more 
valid estimate: (Z—X) or (Z—Y). The complete results for both are given 
in Table 3, and a second problem now presents itself: the combination (dark, 


Table 3. Results of interaction experiment — starch. 
Wet Dry 
(Z—X) (Z—Y) (Z—X) (Z—Y) 
46.1 433 RENTE: 
, 52.7 +34.0 IT = 8A 
Light | 399 1214 20.0 + 68 
60.8. 257.6 331. 23,9 
aes, | 26.7.) .--..8.0 27.1 + 95 
46.3 +31.4 228 + 23 
DEN 304 415.6 391045 
64.6  — 48.8 er 
10507 12.00 =2 216 
: gs 2231 28.3 +15.2 
en en 113 8 
1335 =) 66 13.4 + 69 
+ CO, 
33.11 155 11.80 580 
115. 2 — 98 ii = 64 
Dark 66) 276 109-66 
ye 16.4 2 2:7 
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Table 4. Results of interaction experiment -— starch Analysis of variance. 


Mean square 


Source of variance | D. F. u — =" 
| (ZX) (ZV) 

| 
MEO ert N 1 3071.32 1487.85 
Humidity. ctea ee ee 1 953.76 379.50 
Rights ©. cee oe ance Pea 1 33.01 888.31 
CO, humudity™ ee 1 1816.53 3599.76 
COST his Deen ace 1 44.49 3.26 
| Light — Kuno dibyas er 1 86.13 133.66 
anaOrder eaten 1 83.53 58.86 
N sas 23 183.74 193.86 


dry, +CO,) has produced an aberrant value for one replicate, and we are 
faced with the usual statistical problems arising when a small sample 
unhappily includes a remote value of the variate. If it is left in, it will 
clearly have a disproportionately important effect on the analysis; but is 
there any excuse for discarding it? The effect was found to be due, not to 
abnormally high values of X and Y, but to an abnormally low value of Z, 
the control. Evidently, part at least of the leaf in question had been almost 
starch-free at the beginning of the experiment, a condition occasionally 
found in greenhouse plants of this species. In the circumstances, therefore, 
this value has been discarded and treated as a »missing value»; it is easily 
shown that the appropriate value to insert in such a case (to minimize the 
error) is given by the arithmetic mean of the remaining replicates in the 
group. This has therefore been done, with the sacrifice of one degree of 
freedom, but the results of not doing so will be considered briefly later. 

Inspection of Table 3 suggests that the larger values (corresponding with 
the larger reductions in starch) are confined to the two combinations (light, 
wet, —CO,) and (dark, wet, —CO,), so that a large CO,-humidity inter- 
action might be expected. The analysis of variance for both (Z—X) and 
(Z—Y) — in each case with the »remote» value removed — is given in 
Table 4. It is immediately clear that, whichever measure is taken, the only 
strikingly significant effect is the first-order interaction between CO, and 
humidity; starch tends to disappear under conditions of high humidity and 
absence of CO,. The original light-humidity interaction, in which (light) and 
(—CO,) were known to be confounded, is in fact a CO,-humidity effect. In 
(Z—Y) the main effect (light) just attains significance; but since in (Z—X) 
it is negligible, it will not be considered further. 

What of the »remote» value? If it is left in, the result of the analysis for 
(Z—Y) is unchanged; but, in the case of (Z—X), CO, and humidity become 
independently significant, the interaction — though still large — falling 
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below the level of significance. Now, (a) it is likely that the two measures 
should give the same result, since the difference between Y and X, though 
significant, is small; (b) this new result is incompatible with the (admittedly 
small-scale) results obtained in the static experiments of the previous paper: 
(c) it is due to one out of four replicates only; for these three reasons, in 
addition to the one (the fact that the aberrance resides solely in Z) previously 
given, we believe that we are justified in discarding this value, and that 
reasonable confidence may be placed in the CO,-humidity interaction. 


(a) Effect of changing «a single factor 


(vil) Zmplications. Examination of the complete interactions shows that 
the claim (Williams, 1952) that either starch or aperture can be changed 
independently of the other must be abandoned. Aperture can be altered 
without altering starch in several ways: by a change from light to dark in 
(wet, —CO,) conditions; or by a change from —CO, to +CO,, or from 
light to dark, under dry conditions. But there is no way of altering starch 
without simultaneously altering aperture: and a decrease in starch, which 
always implies a change to (wet, —CO,) conditions, is always associated 
with an increase in aperture. This curious observation — that aperture 
can be changed independently of starch, whereas if starch is changed the 
aperture must change too — might well account for many of the discrepan- 
cies between the observations of previous workers. It must, of course, be 
realized that we have dealt only with extreme conditions of the two relevant 
factors. we do not know at what CO, concentration, and at what relative 
humidity. starch begins to be affected. A knowledge of these matters might 
necessitate modification of the statement: but the appropriate investigation. 
though its results might possibly be interesting, would be intolerably tedious 
and the authors do not at present propose to undertake it. 

This one-sided dependence of aperture on starch does not seem to us 
necessarily to imply a causal connexion: the patterns of the reactions of the 
two variates to the 8 conditions investigated seem to us too different to admit 
of such a conclusion. We still think it probable that the carbohydrate 
changes, though commonly associated with stomatal movement, are not its 
primary cause. The wider implications of this view will be discussed by 


the senior author in a separate paper. 


(b) Average effects 


The existence of a significant CO,-humidity interaction effect on starch 
implies that there will be discernible average effects of CO, and/or humidity 
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taken separately. Since aperture similarly shows (independent) effects due 
to both these factors, some correlation — not necessarily linear — is to be 
expected when all the results are taken together; and if there is in fact an 
effect of light on starch, this might well reinforce any such correlation. 
Figure 3 shows the scatter-diagram obtained when mean aperture (as 
log,„10?R) is plotted against (Z—Y) for each of the 8 treatments; the cor- 
relation coefficient (—0:70) just attains significance at the level P—0 : 05, 
and the appropriate regression line has been drawn in, It should perhaps be 
noted that (a) the use of (Z—X) gives a similar, though smaller, correlation, 
and (b) the inclusion of the »remote» value would greatly improve the cor- 
relation. Evidently, even though the two variates are reacting in very 
different ways to the individual factors, the average effect over a range of 
treatments is such that a definite, though not perfect, negative correlation 
is exhibited; and a negative correlation between (log,,10?R) and (Z—Y) 
implies a negative correlation between aperture and starch content. This is 
exactly the situation which has so often been observed in nature. 


II. Effect of stripping on starch-content 


1. The phenomenon 


In the experiments of the previous section, it had been first assumed that 
X and Y — strips taken from the same limited area of epidermis but 
separated by about 4 minutes in time — would have substantially identical 
starch-content. In fact, as already mentioned, this was not the case — the 
second strip (Y) having always a higher starch-content than the first. For 
example, in five preliminary experiments without air-flow, carried out 
primarily to test the adequacy of illumination of the porometer-cup, the 
values were as follows (values in pairs, X first): — (16:14, 38-77), (67 : 98, 
112-49), (68-02, 104-90), (124-48, 134-35) and (50:44, 66:15). This 
result is so unexpected that it deserves examination on a larger scale; and 


Table 5. Interaction experiment — increase due to stripping (Y—X). 
Wet Dry Wet Dry 
| 2.8 27.6 | 10.5 — 9.6 
5 18.6 27.1 : 7.4 13.0 
IR | 10.9 13.2 fe | 17.8 11.5 
292 1129 6.7 
> C0, ECO. ee 
| 18.8 18.2 ; | 19.8 11.2 
14.8 20.5 211 7 
D : Welt 
a 24.7 Darke 567 4.4 
15.7 22.6 fo} 7/ 16.4 


mean= +14.93. S. E. mean=1.44 
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Figure 3. Correlation between mean 
aperture (as logı10?R) and mean 
starch (as Z—Y) for all treatments. 


(6) +20 +40 z-y 


Table 5 gives the values of (Y—X) for the 32 runs of the interaction experi- 
ment. Only one of the values is negative, and examination of the mean and 
its standard error shows that there is no doubt of the significance of the 
increase. Analysis has shown, moreover, that there is no significant variation 
associated with the treatment to which the leaf had previously been sub- 
jected. Evidently, stripping a piece of epidermis from a leaf causes an 
increase in starch-content of the stomata in its vicinity — and this increase 
is remarkably rapid, since it is discernible, certainly, 4 minutes after 


stripping. 
2. Further investigations 


(i) Time. Similar pairs of strips (one pair per leaf) were taken from the 
leaves of plants growing in the greenhouse, the two strips of each pair 
being separated by 1/2, 1, 2, 3, 6, 9, 12 or 15 minutes; there were four repli- 
cates for each time. Zero time was obtained by taking a single strip and 
later dividing it into two. In view of the known high variability and the 
small number of replicates, it was felt that even the normal probability level 
of 0:05 might be too stringent to exhibit the general trend, and the fiducial 
limits shown in the graph of the results (Figure 4) represent 10 per cent 
points, calculated indirectly from the ranges. This is considered justifiable, 
since the effect itself is not in question. The rapidity is remarkable, for 
there seems little doubt that an effect is discernible within 30 seconds of 
stripping; then, after reaching a maximum at about 3—6 minutes, the starch 
content begins to fall again, until after 15 minutes it has regained its 
initial value. 

Whatever one’s views on »carbohydrate-change» theories of stomatal 
movement, it is clear that the objection frequently raised against them in the 
past — that carbohydrate changes are too slow to account for stomatal 
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Figure 4. Time-course of changes in starch-content brought about by stripping nearby 
epidermis. Fiducial limits represent 10 per cent probability points. 


movements — cannot be sustained. Small et al. (1942) have shown that 
hydrolysis may be remarkably rapid; and to this must be added the present 
evidence that synthesis may be equally so. 

(ii) Distance. For the times 3, 6, 9 and 12 minutes a further strip was 
taken from the same leaf, as remote from the original strip as practicable. 
The differences obtained are shown in Figure 5, on which the values for the 
near» strips (but without fiducial limits) have been plotted for comparison. 
It is evident that the effect is still present, but markedly reduced in intensity. 

(iii) Humidity. It seemed to us possible that this increase is itself another 
humidity effect; the water-balance of the epidermis must be seriously 
disturbed in the neighbourhood of the first strip, and a considerable amount 
of water-vapour is likely to be lost from the edges of the torn epidermis. If 
this is in fact the cause, the effect should disappear if the experiment 
were repeated with the leaf immersed in water. Pairs of (»near») strips were 
therefore taken as before at 11/2, 3 and 6 minutes, but with the leaf held under 
water for the duration of the experiment; the results have been included 
in Figure 5, each point representing as before the mean of four replicates. 
We do not propose to discuss whether the apparent fall in starch-content is 
real or not; but the increase previously observed has undoubtedly disap- 
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Figure 5. Time-course of changes in starch-content brought about by stripping epidermis, 
comparison of »near» and »far» strips, and of strips taken under water. 


peared. (Analysis of variance, applied to the two comparable points at 3 and 
6 minutes for the »near» and »under water» sets, shows that the difference 
between the two curves is overwhelmingly significant). It seems, then, likely 
that the increase normally shown is simply a reaction to loss of water from 
the epidermal cells. 

The gradual dying away of the effect over 15 minutes might be explained 
in either of two ways. First, although water is still being lost from the torn 
edge, there may have been a readjustment of epidermal water-balance, so 
that a new steady state is set up; or, as a result of the exposure to dry air, 
the torn edge may become »sealed» by the production of e.g., fatty substances 
at the cell surfaces. We are not in a position to discuss the relative prob: ibility 


of these two theories. 

There is, moreover, a possible alternative explanation of the entire pheno- 
menon. The synthesis of starch is an oxygen-requiring process (vide, €.9., 
Porter, 1953), and it is conceivable that the increase on stripping is due to 
increased O. supply, which is withheld w hen the experiment is carried out 


under water. 

(iv) Aperture. In the inv estigations described under 
of 20 stomata on each strip were measured at the same time, 
ficant change in aperture was discernible. Miss F. A. Amer of this depart- 
ment kindly carried out for us some simple porometer 
which a strip was removed from a leaf near an attached porometer-cup 
containing a drying-agent; but again with negative results, These starch- 
changes do not, therefore, appear to be associated with aperture-changes; 
it must be remembered, however, that the starch-changes are themselves 


(i) above, porewidths 
but no signi- 


investigations, in 
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small, and if there was an associated aperture-change it may have been 
outside the limits of the techniques we were using. 


Postscript 


In these investigations we have been primarily concerned with obtaining 
information on the metabolic relationships of stomatal starch. Biochemical 
speculation would be fruitless in the absence of any certain knowledge of 
the fate of starch that disappears from a guard-cell; nor are the two pheno- 
mena here described (the slow disappearance of starch under conditions of 
low CO, and high humidity, and the rapid synthesis of starch, possibly as a 
result of a temporary water-deficit) necessarily closely connected. It is clear 
that the system controlling the starch-content of guard-cells is both complex 
and delicate; its properties would certainly repay closer biochemical examina- 
tion, but the technical difficulties of such an investigation would be 
formidable. 

We wish to express our indebtedness to Mr. F. J. Moody, of the University 
Botanic Garden, for the provision of a large number of responsive Pelargonium 


plants; to Messrs. J. Cairnie and W. E. Middleton for their patient assistance in the 
tedious process of »scoring»; and to Dr. O. V. S. Heath for helpful discussion. 


Summary 


1. The effects of CO,, humidity and light, and of their interactions, on 
stomatal starch and aperture in Pelargonium have been investigated. Starch 
shows a marked reduction under conditions of absence of CO, and high 
humidity, but is only doubtfully affected by light; the three factors act 
independently on aperture. The average effect of the conditions investigated 
is an imperfect negative correlation between starch and aperture. 

2. Removing a strip of epidermis from a leaf produces, within 30 seconds, 
a significant rise in starch-content in the nearby stomata; the increase is at 
a maximum at about 3 to 6 minutes after stripping, and the starch-content 
returns to its initial value after about 15 minutes, The effect disappears if 


the leaf is immersed in water, and thus appears also to be connected with 
water-balance. 
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The auxin content of the peripheral parts of the potato tuber, of the 
so-called peel-layer, is comparatively low during the autumn but increases 
considerably during the spring (Hemberg, 1942 and 1947). It has been 
assumed that this increase might possibly be due to a transportation of 
auxin from the interior of the potato tuber (Hemberg, 1942). Baumeister 
(1950) also assumes that a part of the auxin which exists in the interior of the 
tuber is transferred to the periderm layer before sprouting takes place. In 
the present paper an account will be given of experiments which have been 
undertaken for the purpose of throwing light on this problem. 

It has already been shown by Hemberg (1946, 1947, 1949, and 1950) that 
during the rest-period the potato tuber contains large amounts of growth- 
inhibiting substances in the peel-layer. These substances are partly acid, 
partly neutral. The acid growth-inhibiting substances have been found to be 
of importance in regulating the rest (Hemberg, 1952). Hitherto these acid 
substances have only been met with in the peelings of the potato; in the 
present paper an account will be given of a preliminary attempt to trace 
them in other parts of the potato tuber, too. 


The Distribution of Free and Bound Auxin in the Potato Tuber at Different 
Times of the Year 


Method. — The material used was potato of the Magnum bonum variety, grown 
under control at Thorsaker Farm in the province of Uppland. After harvesting, the 
potatoes were kept in a potato-cellar at the Farm; the day before the beginning 
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Figure 1. Extraction curves for acid auxin from potatoes extracted with ether at +6° C. 
The extraction was begun on December 14, 1951. A and B. Peelings and flesh respectively. 
Abscissa: extraction time in hours. Ordinate: extraction rate expressed as the amount of 
auxin in WAE/1000 per gram of tissue extracted in 2 hours. C. Extraction curves for 
peelings (©) and flesh (®) calculated from A and B. Ordinate: amount of extracted auxin 
expressed as a percentage of the amount extracted during the entire experiment. 


of each extraction a sample of potatoes was sent from there to the laboratory, 
where it immediately underwent treatment. 

The auxin was extracted from the potato tissue by means of peroxide-free ether. 
It has long been known that in ether extraction of plant material one not only 
extracts the auxin which may possibly occur in a free state in the tissue at the time 
of extraction, but also such auxin as is enzymatically liberated from bound 
precursors during the course of the extraction (Skoog and Thimann, 1940). For 
the literature dealing with the nature of these precursors, see Terpstra (1953). In 
the present paper this matter will not be discussed; it will suffice to point out that 
the auxin which is obtained as a result of short ether extraction must occur in a 
different form in the plant material than the auxin which is obtained if the 
extraction is continued for a longer time. 

The ether extracts obtained were concentrated by evaporation to c. 25 ml and 
were fractionated according to Boysen Jensen’s »method II» (1941). The acid frac- 
tion was evaporated to dryness and the residue was dissolved in chloroform. No 
extract was kept for a longer time than 4 weeks at most. The neutral fraction’s 
content of neutral auxin has not been investigated. Determinations of neutral 
auxin require much time, for one must first transform the neutral auxin into acid 
auxin. and there was insufficient time for such determinations. 

In order to ascertain how quickly the auxin passes over to the ether from the 
potato tissue two series of extraction experiments were made. One of these series 
concerned extraction of the outermost layer of the potato, the peel-layer, comprising 
the periderm with the eyes and that part of the cortex lying immediately beneath 
and also, at the eyes, small parts of the vascular cylinder and of the pith. This 


314 TORSTEN HEMBERG 


3.0 


20 


WAE 7 1000 


Figure 2. Extraction of acid bound auzin from potato 
peelings and potato flesh at +6°C and +25°C. The 
extraction was begun on May 16, 1952. Ordinate: WAE/1000 
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layer is termed »peelings» in the following. The other series comprised extraction 
experiments with the remainder of the potato tuber. This layer is here termed 
»potato flesh» or »flesh». In these extractions, which were carried out at +6° C, 
the ether was changed once an hour during the first 10 hours. The ether from the 
changes in the first 2 hours was united to form one extract, that from the changes 
in the next 2 hours to form another extract, etc. After the first 10 hours the ether 
was changed 3 times and the ether from these 3 changes was united to form one 
extract. The extractions were terminated after a total of 44 hours. The result 
(Figure 1) shows that in the case of the peelings the bulk of the auxin (more than 
60 per cent) passes over into the ether already during the first 2 hours, after which 
the exchange diminishes successively during the different extraction periods. During 
the first 4 hours a total of 75 per cent of all the auxin extracted during the entire 
extraction passed over into the ether. In the case of the flesh only slightly more 
than 30 per cent of the auxin passes over into the ether during the first 2 hours and 
during the next 2 hours a further 20 per cent. 

In the continued experiments the procedure was as follows. First the extraction 
took place during 4 hours in a refrigerator at +6° C. During this time the ether was 
changed after each hour. The ether from the different changes was united to form one 
extract, the auxin of which is termed »free auxin» in the following. Afterwards the 
extraction was continued for 44 hours at +25° C, during which period the ether 
was changed 3 times. The ether from the 3 changes was united to form one extract, 
the auxin of which is called »bound auxin». 

In the experiments illustrated in Figure 1 the temperature, as already mentioned, 
was +6° C during the entire extraction. At this temperature smaller amounts of 
bound auxin are released than at +25° C, see Figure 2. In view of the fact that in 
the continued experiments the extraction temperature for the free auxin was always 
+6° C and for the bound auxin +25° C the amount of bound auxin in these 
experiments will be greater than is shown in Figure i. 


Results and Discussion. — In the first series of experiments the distribution 
of free and bound auxin in the potato was investigated on three separate 
occasions, January 25, March 5, and May 16, 1952. In these experiments the 
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Figure 3. Amount of free (©) and bound (8) acid auxin 

B respectively in À, potato peelings, and B, potato flesh, at 
different times of the year. A and B. Abscissa: date of 

extraction. The letters refer to the months. Ordinate: 

amount of auxin in WAE/1000 per gram of tissue. C. Amount 

of free (open columns) and bound (filled columns) acid 

Fan: auxin respectively in the peelings and flesh of 100 grams 


of potato calculated from the values in A and B. P= 


WAE /1000 


De A m ATEN peelings, R=rest of tuber=flesh. 


potato was divided into two layers; one of these was a peel-layer, which 
was obtained by peeling the potato once with an ordinary potato-peeler, the 
other was a flesh-layer, which was obtained by cutting the remainder of 
the potato tuber with the potato-peeler. As the rest-period of Magnum 
bonum is already at an end during the autumn (Hemberg, 1947), all the 
extracts were with absolute certainty prepared from not resting potatoes. 

It will be seen from Figure 3 A and B that the content of both free and 
bound auxin, expressed in WAE/1000 per gram of tissue, is greater in the 
peel-layer than in the flesh-layer on all three dates. As the flesh-layer, 
however, comprises a much larger part of the tuber than the peel-layer, 
we obtain a different picture if the values are expressed in WAE/1000 per 
100 gram of potato, see Figure 3C. We now find that at the extraction 
which took place on January 25 an almost equal amount of the auxin of 
the potato is in the peel-layer as in the flesh-layer. The distribution of free 
and bound auxin is also the same in the two layers. In the extraction made 
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on March 5, on the other hand, when the peelings still contained an 
unchanged amount of auxin, the auxin content of the flesh had become 
three times greater than it was when the first extraction took place. Of the 
total content of auxin occurring on March 5, 23 per cent was in the peel- 
layer and no less than 77 per cent in the flesh-layer. The extraction made 
on May 16 again showed a different distribution of the auxin. The peelings 
then contained more than half of the total amount of auxin. The increase 
which had taken place in the auxin content of the peelings when the extrac- 
tion was made on May 16 corresponded quite well to the decrease in the 
amount of bound auxin which had taken place in the flesh from March 5 to 
May 16. Consequently, it seems clear that the increase in the auxin content 
of the peelings at the extraction made on May 16 was due to a transportation 
from the flesh. 

In the second series of experiments an examination was made of the 
distribution of free and bound auxin in four different layers of the potato 
tuber on four different dates, October 21, November 28, and December 16, 
1952, and May 30, 1953. During the period between December 16 and May 
30 series of extracts were made on two occasions, but the auxin in these 
was destroyed owing to impurities in the ether. The cutting of the potato 
tuber into layers was done with a potato-peeler in the same way as in 
earlier experiments (Hemberg, 1947). First the potatoes were peeled once, 
the peelings thus obtained being termed the »peel-layer», and then the 
potatoes were peeled a second time, yielding a layer named the »cortex- 
layer». The third time the potatoes were peeled three times altogether; this 
made available for extraction not only a part of the cortex and the pith but 
also the whole vascular cyclinder, so that this layer is called the »vascular 
cylinder layer». Finally, the remaining pith was cut up with the potato-peeler. 
This layer is the »pith-layer». 

Figure 4 A—D shows the auxin content of the different layers on the 
various dates. These results agree well with those obtained earlier (Hemberg, 
1947), if one only bears in mind that the extractions were made in different 
ways. In the present experiments a distinction has been made, as we know, 
between free auxin extracted at +6° C and bound auxin extracted at +25° C, 
whereas in the previous experiments no distinction was made between free 
and bound auxin, the extraction taking place exclusively at a lower tempera- 
ture. The extraction of the flesh, in particular, is therefore likely to have 
been far less complete in the older experiments than in the most recent ones. 

In this series of experiments, too, the auxin content is always greatest in 
the peel-layer calculated per gram of fresh weight, and here during the 
spring it increases much more substantially than in the other layers. 

In Figure 5 A the amount of auxin is expressed in WAE/1000 per 100 
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Figure 4. Amount of free (©) and bound (9) acid auxin respectively at different times of 
the year in À, peelings, B, cortex, C, vascular cylinder, and D, pith. Abscissa and ordinate 
as in Fig. 3A and B. 


gram of potato, and the auxin content in all the three flesh-layers, cortex, 
vascular cylinder and pith, has been combined. In this way Figure 5A can 
be directly compared with Figure 3C. The extracts prepared on December 
16 also correspond fairly well with those extracts from the preceding series 
which were prepared on January 25 in respect of the distribution of the 
auxin amounts between peelings and flesh, The extracts from May 30 can 
also very well be compared with the extracts of May 16 in the preceding 
series. 

If a comparison is made of the auxin amounts in the peel-layer on the 
three dates October 21, November 28, and December 16 (Figure 5 A), it will 
be found that the total content of auxin is lowest in this layer on October 
91 and that it rises slightly on November 28 but falls again on December 16. 
The changes, which are primarily due to variations in the peel-layer’s 
content of bound auxin, are small, but are likely to fall outside the limits 
of the experimental errors. In any case they coincide well with the more 
pronounced variations in the content of bound auxin in the flesh. The 
increase in the content of hound auxin occurring in the flesh-layer on 
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Figure 5. Amount of free (open columns) and bound (filled columns) acid auxin 

respectively in the peelings and flesh of 100 grams of potato calculated from the values in 

Fig. 4. A. The potato divided into two layers: peelings, P, and flesh, R. B. Values of 

peelings and flesh put together. C. The potato divided into four layers: peelings, P, 
cortex, C, vascular cylinder, V, and innermost portion=pith, I. 


November 28 as compared with October 21, corresponds to a decrease in 
the amount of free auxin. When extraction took place on December 16 the 
content of bound auxin in the flesh had also fallen. 

An idea of the auxin changes in the entire potato tuber without regard to 
changes in the different layers is given in Figure 5 B. We see from this that 
the total content of bound auxin in the tuber increased from October 21 
until November 28, while at the same time its total content of free auxin 
decreased. The increase in the amount of bound auxin is, however, greater 
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than the decrease in the amount of free auxin, But this is likely to be due 
to the fact that the values for the free auxin were too low in the extract 
from October 21. At that time of the year large amounts of acid inhibiting 
substances occur in the peel-layer; these substances may have had a 
disturbing effect on the determination of the free auxin in this layer on the 
date in question. On December 16 the content of free auxin in the tuber 
exhibited no further decrease, but its content of bound auxin did so. The 
changes in the auxin content of the tuber thus take the following course in the 
autumn: first the free auxin passes over to precursors which can deliver 
bound auxin during the ether extraction, but later in the autumn these 
precursors to some extent pass over to others which cannot split off auxin 
during extraction. 

Figure 5 C indicates the auxin distribution in four different layers of the 
potato tuber on the different extraction dates. It shows that during the 
time between October 21 and November 28 bound auxin was concentrated 
in the innermost part of the tuber and that it later disappeared thence, 
evidently owing to the fact that the precursors of the bound auxin were 
transformed into other more stable ones. In May, when the concentration 
of auxin in the tuber had already risen considerably, this concentration was 
greatest in the vascular cylinder layer, so that it might seem possible to 
explain the transportation from the innermost part of the tuber to the peel- 
layer as a transportation via the conducting elements of the vascular tissue. 

In summarizing, it may thus be said that in the autumn during the rest- 
period the potato tuber contains a fair amount of free auxin, which as the 
autumn progresses is transformed into precursors from which it can easily 
be liberated in the course of a lengthy ether extraction. Later in the 
autumn, however, these precursors are partially transformed into others 
which hold the auxin more firmly bound, so that it can no longer be 
released by ether extraction. In the spring before sprouting takes place the 
auxin content increases first in the flesh, after which the auxin or its 
precursors are transported out into the peel-layer. The fluctuating content 
of bound auxin at different seasons of the year might, however, also be 
explained by the assumption that it is not the amount of different auxin 
precursors which varies during the course of the year but instead the 
concentration of those enzymes which liberate auxin from the precursors. 
Which it is that really takes place has not been investigated. 

The discovery of the occurrence of the bound auxin in the potato tuber 
explains the lack of agreement between Hemberg’s (1942 and 1947) and 
Dostal’s (1942) results. Whereas Hemberg has always found that the auxin 
content per gram of tissue is greatest in the peel-layer, Dostal has found 
that it is instead greatest in the flesh-layer. Dostal’s result is likely to be due 
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Figure 6. Activity curves for the acid fraction 
of ether extracts of potato peelings (©) and 
potato flesh (9) respectively. The extraction 
was begun on October 11, 1951. Abscissa: 
grams of tissue corresponding to 0.1 ml agar. 
Ordinate: curvature of the test plants in d. 
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to his extraction conditions being such that bound auxin was included and 
to the fact that the flesh is probably much richer in precursors to this than 
the peel-layer. 

One is also justified in assuming that the reason why Michener (1942) 
found a temporary decrease in the auxin content of the potato when 
applying ethylenechlorhydrin treatment is attributable to the fact that this 
treatment temporarily inactivates those enzymes which in the course of 
the extraction liberate bound auxin from the precursors. 


The Distribution of Acid Growth-Inhibiting Substances in the Potato Tuber 


When investigating the occurrence of acid growth-inhibiting substances in 
an auxin extract one meets with the difficulty of not having any method 
of separating the auxin from the inhibiting substance, so that they can be 
determined independently. One is instead restricted to the necessity of 
estimating the occurrence of the latter from the activity curve for mixtures 
of auxin and inhibiting substance (Hemberg, 1951). 

In two extracts prepared on October 11, 1951, from resting potatoes the 
peelings and the flesh were each extracted separately. This extraction took 
place at +6° C during 48 hours, the ether being changed three times. All 
the ether from the changes was united to form one extract and thus no 
division into free and bound auxin was made, After fractionation according 
to Boysen Jensen’s »method II» activity curves were plotted for the two 
extracts by means of the Avena test, see Figure 6. This figure shows that 
the flesh contains a smaller amount of auxin than the peelings, Despite this, 
the activity curve for the peelings extract bends off at much lower values 
of d than the corresponding curve for the flesh extract. This must be due, 
according to Hemberg (1951), to the peelings extract containing more 
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inhibiting substance than the flesh extract. The flesh extract, however, is 
also likely to contain some acid inhibiting substance, as the activity curve 
for this extract bends off at lower values of d than the curve for pure auxin 
(indole acetic acid, see Hemberg 1951, Fig. 2 a). 


Summary 


1. In the autumn during the rest-period the potato tuber contains a good 
deal of free auxin, which in the course of the autumn is transformed into 
precursors, which in the case of lengthy ether extraction readilv give rise 
to so-called bound auxin. Later in the autumn these precursors are, however, 
transformed into others which hold the auxin more firmly bound. In the 
spring before sprouting takes place the content of auxin first increases in 
the flesh, after which the auxin, either as free auxin or as precursors, is 
transported out into the peel-layer and there causes an increase in auxin. 

2. The acid growth-inhibiting substances which have earlier (Hemberg 
1946, 1947, 1949, 1950, and 1952) been established in the peelings of resting 
potatoes and which have been assumed to play a part in the maintenance of 
the resting-period, have proved to occur chiefly in the peel-layer and only 
in insignificant amounts in the other parts of the tuber. 

This paper has been produced with the aid of a grant from the Swedish Science 


Research Council. The author is indebted to Miss Maja-Lisa Keltanen for valuable 
technical assistance and to Miss Kathleen Pain for the English translation. 
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If cut hypocotyls of Phaseolus vulgaris L. are placed in tap water they 
soon begin to form roots. Under these circumstances their auxin content 
increases in connection with the rooting (Hemberg, 1951). During the first 
few days the auxin increase is confined to the bound auxin, i.e, the auxin 
which in the course of lengthy extraction with ether is liberated from bound 
precursors (van Overbeek et al., 1947), while the content of free auxin on the 
other hand, i.e. the auxin which occurs freely in the tissue at the commen- 
cement of the extraction, does not increase until some days later. 

It has long been known that one can get cuttings to root by providing 
them with an exterior supply of different auxins in concentrations which 
are probably usually much greater than those occurring in the plant. As the 
natural auxin content of the hypocotyls increases in connection with the 
formation of roots, it has been assumed that auxin also in biological con- 
centrations is of importance for the formation of roots (Hemberg, 1951), 
although this has earlier been denied by Bouillenne and Bouillenne-Valrand 
(1939). 

When roots are formed on the hypocotyls of Phaseolus in tap water 
nearly all the roots appear on the lower half of the hypocotyls. If there is 
any relation between the auxin content and the root formation, one is conse- 
quently justified in assuming that one might find differences in the auxin 
content of the lower and of the upper parts of rooting hypocotyls. In the 
present investigation the changes in auxin content have therefore been 
studied in the upper and in the lower halves respectively of Phaseolus 


hypocotyls in different stages’of rooting. 
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Method 


As in the previous experiments (Hemberg, 1951 and 1953), the plants of Phaseolus 
vulgaris L. were grown in sand, either in a greenhouse or in a light thermostat 
and were used for the experiments as soon as the two first simple leaves had 
developed. In the experiments plants consisting of 5 cm of the hypocotyl together 
with the epicotyl with the two first simple leaves, after removal of the cotyledons, 
were placed in brown glass jars containing tap water. The jars were put in boxes 
covered with glass, containing a layer of moist sand. The boxes were placed in a 
light thermostat at +22° C. Fluorescent lamps were used for illumination; these 
were arranged as in previous experiments. The illumination period was 13 hours 
per day. 

For extraction the hypocotyls were cut from the epicotyls and afterwards divided 
into two pieces of equal length, an upper and a lower piece. These upper and 
lower pieces were then extracted separately with peroxide-free ether, after having 
been split longitudinally into four pieces. Each experiment comprised 75—150 
pieces of hypocotyl. 

The extractions were carried out in the same way as before. During the first 
three hours the ether was changed each hour and the extraction was made at +6° C. 
The auxin extracted during this time is called »free auxin» in the following. 
Afterwards the extraction continued for a further 45 hours, during which time 
the ether was changed twice. The auxin which passed over to the ether during 
this extraction, which took place at +25° C, is termed below »bound auxin», 
because most of it is considered to originate from bound auxin precursors from 
which it is enzymatically released in the course of the extraction. 

The extracts were fractionated according to Boysen Jensen’s (1941) »method Ib. 
Generally speaking, only the acid auxin was subjected to analysis. The neutral auxin 
was also examined but in one experimental series only, after it had been trans- 
formed into acid auxin by milk treatment according to Larsen (1944). The auxin was 
established by means of the Avena test in the same way as in earlier auxin 
investigations (Hemberg, 1947). 

Two extraction experiments were carried out for the purpose of obtaining a 
better idea of the rate at which the auxin is extracted from the tissue. In these 
experiments, for which entire hypocotyls were used, the ether was changed once 
an hour during the first 7 hours and twice during the next 39 hours. The ether 
from each change, after fractionation according to Boysen Jensen’s »method U», 
was examined in respect of its content of acid auxin. The extraction temperature 
was +25°C the whole time during these experiments. The results appear in 
Figure 1. The first experiment is concerned with hypocotyls which were cut from the 
plants immediately before the extraction. The second experiment concerns hypo- 
cotyls which stood in water in a light thermostat for 48 hours after being cut 
from the plants. 

The first experiment shows that during the first hour 26 per cent of all the 
auxin obtained during the extraction has already passed over to the ether. During 
the next two hours a further 13 per cent passes over to the ether. The second 
experiment, in which hypocotyls were extracted that had stood in water for 48 
hours, shows that the total amount of extracted auxin is greater here than in the 
first experiment. In spite of this, exactly the same amount of auxin was extracted 
during the first 7 hours in this experiment as in the preceding one. As the 
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Figure 1. Extraction curves for acid auxin from hypocotyls of Phaseolus vulgaris, extracted 

with ether at +25° C. O —auxin from hypocotyls cut immediately before the beginning of 

the extraction, ®=auxin from hypocotyls which stood 48 hours in water in a light ther- 

mostat before extraction. Abscissa: extraction time in hours. Ordinate: total amount of 
extracted auxin expressed in WAE/1000 per gram of tissue. 


total amount of extracted auxin is considerably greater, the amount of auxin 
extracted during the first 7 hours is, however, when calculated as a percentage, a 
much smaller amount of the entire amount of auxin extracted than in the preceding 
experiment. Thus during the first hour 12 per cent of the entire amount of auxin 
was extracted and during the next two hours a further total of 6.6 per cent. 
Accordingly the difference between the two experiments consists exclusively in the 
circumstance that more auxin was obtained during the continued extraction in the 
second experiment. It has not been possible to establish any distinct difference in 
time between the extraction of free and bound auxin, as established by van Over- 
beek et al. (1947) in ether extraction of the bases of the youngest leaves of the 
pineapple plant. Differentiation between free and bound auxin in the extraction is 
therefore fortuitous, and the intention is merely to point out that in the fraction 
called free auxin most of the free auxin occurring in the tissue has been included, 
whereas in the fraction called bound auxin most of the bound auxin occurs. The 
difference between the two fractions in the continued experiments is, however, 
likely to be greater than appears from the two experiments described above, as 
these latter were carried out at +25° C, while in the extraction of free auxin in 
the other experiments the temperature was +6° C, the extraction temperature of 
+25° C only being used in the subsequent extraction of bound auxin. At a lower 
temperature the enzymatic liberation of bound auxin takes place more slowly 
(Wildman and Muir, 1949, Hemberg, 1951). Also in ether extraction of 
potatoes less bound auxin is obtained in extracting at +6° C than at +25° C 


(Hemberg, 1954). 
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Results and Discussion 


The first series of experiments is from January, 1951. The plants used for 
this had been grown in a light thermostat. The series consists of two diffe- 
rent experiments. In one plants were extracted either directly after being 
cut or after having stood in water one or two days respectively after cutting. 
93 plants were used in each extraction. After being cut, the plants in the 
second experiment remained in water 3, 7 and 10 days respectively before 
the extraction. 74 plants were used for each extract. The plants that had 
stood in water 7 days had 1—3 roots per hypocotyl, those that had stood 
in water for 10 days had between 4 and 14. 

The auxin content in the different extracts. from the upper and lower 
parts of the hypocotyl in this series of experiments is shown in Figure 2 A. 
We see from this that the content of free auxin in the plants is practically 
unchanged during the first 2 days after cutting and that it first rises slightly 
in plants that have stayed 3 days in water. Plants that have remained 7 
and 10 days respeciively in water contain in relation to each other just as 
much free auxin per hypocotyl part but much more than plants that have 
stood only 3 days in water. No appreciable difference in the content of 
free auxin between upper and lower parts of the hypocotyl could be 
established. The content of bound auxin increases considerably in the 
hypocotyls already 24 hours after cutting. The content of the bound auxin 
does not appear to be subjected to any appreciable variations during the next 
24 hours. The variations shown in Figure 2 A are likely to be due in part to 
experimental errors, in part to the fact that Figure 2 A is composed of two 
experiments, carried out at different times. In plants that have stayed 7 and 
10 days respectively in water one can, however, find that the amount of 
bound auxin increases considerably. It increases besides much more in the 
lower parts of the hypocotyls than in the upper. 

The next series of experiments dates from February, 1951. The plants in 
this series were treated exactly as in the first. In each extraction 74 hypo- 
cotyls were extracted. The hypocotyls were subjected to extraction either 
immediately after cutting or after having stood in water 2, 4, and 9 days 
respectively. Unfortunately one extract was destroyed, i.e. that containing 
free auxin from the lower parts of hypocotyls of plants that had stood 9 days 
in water. When the plants had stood 9 days in water they averaged 10.2 roots 
per hypocotyl. 

In this series (Figure 2 B) the content of free auxin is still unchanged in 
the hypocotyls that had stayed 4 days in water. It is slightly higher — in 
any case in the upper parts of the hypocotyls — in the plants that had 
stood 9 days in water. The content of bound auxin exhibits stronger varia- 
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Figure 2. Amount of free and bound acid auxin respectively in the upper and lower parts 

respectively of hypocotyls of cut plants of Phaseolus vulgaris kept in water in a light 

thermostat during different numbers of days. Free acid auxin from lower parts—9, from 

upper parts=®. Bound acid auxin from lower parts=9, from upper parts=M. Abscissa: 

number of days during which the hypocotyls stood in water. Ordinate: amount of auxin 
expressed in WAE/1000 per hypocotyl part. 


tions, even though it does not rise as much in this experimental series as in 
the preceding one. In cut hypocotyls that had stood 2 days in water the 
content of bound auxin only increased to a small extent, but the amount of 
bound auxin afterwards rose to quite high values in the hypocotyls 4 days 
after cutting. At this point of time there is still no pronounced difference 
between the amount of bound auxin in the upper and lower parts respec- 
tively. In plants that had stood in water 9 days, on the other hand, and whose 
content of bound auxin had further increased, one finds a higher content 
of this auxin fraction in the lower parts of the hypocotyls than in the upper. 

The third series of experiments derives from September, 1951. The plants 
were grown in a greenhouse and after cutting were placed in a light 
thermostat, as was the case in the preceding series. Extractions were made 
4 and 9 days respectively after the hypocotyls were cut. On the last occasion 
the plants averaged 20.3 roots per hypocotyl. In each extraction 151 hypo- 
cotyls were extracted. In fractionation, the extract containing free auxin 
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Figure 3. Amount of free and bound auxin respectively in the upper and lower parts 

respectively of hypocotyls of cut plants of Phaseolus vulgaris kept in water in a light 

thermostat during different numbers of days. Free acid auxin in lower parts=©, in upper 

parts=®. Free neutral auxin (determined after being transformed into acid auxin) in lower 

parts=4, in upper parts=A. Bound acid auxin in lower parts=9, in upper parts= BB. 

Bound neutral auxin (determined after being transformed into acid auxin) in lower parts 
=V, in upper parts= W. Abscissa and ordinate as in Fig. 2. 


from the upper parts of hypocotyls that had stood in water 4 days was 
destroyed. 

We find in this series (Figure 3 A) that the free auxin in the lower parts 
of the hypocotyls has increased considerably in hypocotyls that have stayed 
9 days in water as compared with those that have stayed 4 days in water, 
while the content in the upper parts is low. If we compare these results 
with the results from the preceding series, we find that the preceding series 
differ from the last one in two respects: on the one hand, by the plants in the 
former having been grown in a light thermostat while those in the latter 
were grown in a greenhouse and, on the other hand, by the plants in the 
first series not having formed as many roots as the plants in the last series. 
The content of bound auxin in this last series, as in the preceding ones, is 
greater in the lower parts than in the upper in rooted hypocotyls. 

The fourth experimental series dates from August, 1952. The plants used 
were grown in a greenhouse. The hypocotyls were either exiracted imme- 
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diately after being cut or else after having stood in water in the light thermo- 
stat for 2 and 4 days respectively. In each extraction 90 hypocotyls were 
extracted. In this experiment an examination was made not only of free and 
bound acid auxin but also of free and bound neutral auxin, after this had 
been transformed into acid auxin by means of milk treatinent according to 
Larsen (1944). 

The results appear in Figure 3B. We see that the content of free acid 
auxin has slightly increased in the upper parts of the hypocotyls from 
plants that had stayed in water 2 days as compared with plants extracted 
immediately after cutting, while it remains unchanged in the lower parts. 
This difference may be caused by experimental errors, but can also be due to 
the fact that the free auxin in the lower parts can diffuse into the water 
through the cut surfaces during the first few days. The content of free 
neutral auxin is very low in the free auxin fraction and it neither increases 
nor decreases in plants that stand in water. The bound acid auxin increases 
greatly in amount as the experimental period is lengthened. Two days after 
the beginning of the experiment the content of this auxin is also lower in the 
lower pieces than in the upper, which, if not due to experimental errors, 
might also be explained, as in the case of the free auxin, by diffusion from 
the cut surfaces into the water in which the hypocotyls were placed. Four 
days after the beginning of the experiment no difference in content can 
be established between the upper and lower parts. Lastly, the bound neutral 
auxin shows a decrease 2 days after the beginning of the experiment at the 
same time as the concentration of the bound acid auxin starts to increase. 

It has thus been demonstrated in the present paper that the content of 
bound acid auxin in rooting hypocotyls of Phaseolus not only rises in the 
entire hypocotyl in connection with the root formation, but also that it rises 
much more in the lower part, where most of the roots are formed, than in 
the upper more or less rootless part. In respect of the free auxin, an increase 
has also been observed in the hypocotyl in connection with rooting, but 
this increase starts later than the increase of the bound acid auxin. Further, 
with regard to the increase of the free acid auxin, no difference between 
the lower and the upper parts of the hypocotyl can be established except in 
one experiment. The experiment in which a difference in the amount of 
free auxin between the upper and the lower parts can be demonstrated 
differs, however, from the earlier ones by a more vigorous formation of 
roots. One might therefore be able to explain the difference by assuming that 
a relation existed between the increased amount of free acid auxin in the 
lower parts and the increased root formation. Be this as it may, there is 
nevertheless a distinct relation between the increase of bound acid auxin 
in the lower parts of the hypocotyls and the root formation in these parts. 
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In an earlier paper (Hemberg, 1951) it was pointed out that this increase 
can be due either to an increase of the auxin precursors or to an increase of 
the concentration of the enzymes which during the extraction liberate auxin 
enzymatically. These questions have not yet been investigated, but experi- 
ments are in course of preparation in an attempt to clarify them in another 
connection. 


That the content of free neutral auxin is small and does not change in 
connection with the root formation is not surprising. The neutral free auxin 
is, of course, only an intermediate link between bound precursors and the 
auxin occurring freely in the tissue. That the content of neutral bound auxin 
falls in connection with the rise in the content of acid bound auxin is a fact 
which cannot be explained at present, however. Warmke and Warmke 
(1950) have shown that in connection with the formation of roots and 
leaves on root segments of Taraxacum and Cichorium the content of auxin, 
especially the content of neutral bound auxin, increases considerably. 


Not only the present experimental results but also those of Warmke and 
Warmke make it probable that the formation of roots by a plant is influenced 
by its natural auxin content. Torrey (1950) also assumes that the formation 
of lateral roots in an intact plant, apart from the occurrence of a specific 
root-forming substance produced in the cotyledons, is due to the concentra- 
tion of auxin. 


Summary 


In hypocotyls of Phaseolus vulgaris L. which have been left in water 
for different periods of time for the purpose of root formation, it has been 
found that the content of acid bound auxin already increases a few days 
after the beginning of the experiment, whereas the content of free acid 
auxin does not increase until later. The auxin was extracted from the 
hypocotyls with ether, the free auxin during 3 hours at +6° C, and after- 
wards the bound auxin during 45 hours at +25° C. For the extraction the 
hypocotyls were divided into an upper half and a lower half, which were 
extracted separately. The greatest increase in the content of bound auxin 
takes place in connection with the root formation and in the lower parts of 
the hypocotyls where most of the roots are formed, so that the increase is 
assumed to influence the root formation in some way. In respect of the 
acid auxin, only in one experiment has more of this auxin been found in the 
lower parts of the hypocotyls than in the upper. In that experiment, however, 
the formation of roots was also more vigorous than in the other experiments, 
where no such difference could be established. 
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It has been shown in a previous communication (9) that the action of 
calcium on root growth resembles to some extent that of an anti-auxin 
(a-parachlorophenoxyisobutyric acid) increasing the cell elongation and 
superficially antagonizing an auxin (1-naphtylacetic acid). The calcium 
action disappears if the elongation is already increased by an antiauxin. 
However, even if calcium and the growth regulators act upon the same 
general cell elongation mechanism it is not certain that they act in the 
same biochemical system. Rufelt (18) has also cast some doubt on the 
assumption that auxin and the isobutyric acids really act on the same part 
of the cell elongation mechanism. For a further insight into the interaction 
between calcium and the auxins it is necessary to study more closely the 
changes in the roots caused by calcium and to compare them with those 
caused by auxins. 

In this paper data are presented concerning the influence of calcium on 
the following properties of wheat roots: fresh weight, dry weight, cell 
elongation, cell multiplication, nitrate absorption and assimilation, contents 
of protein and soluble nitrogen — some rough estimations have also been 
made of the contents of crude fats and their iodine number —, and further, 
the elastic and plastic properties of the cell walls. 

It has been possible from these data to arrive at a general picture of the 
differences between the slowly growing low-calcium and the rapidly 
elongating high-calcium roots. The reason why special attention has been 
paid to the nitrogen metabolism is the paper by Brian and Rideal (4) in 
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which they tentatively assume that the auxin activity may be regulated by 
the protein: lipid ratio. It has also been shown recently by Bosemark (3) 
that the effect of nitrogen on the cell elongation stands in some close 
connexion with the auxin conditions. 


Finally, a few experiments have been undertaken with potassium, in 
order to see whether the calcium effects are specific for that ion or not. 
These experiments have been carried out by Annastina Trotzig. 


Methods 


Culture methods. — Three types of experiments have been performed, all with 
three day old seedlings of Eroica winter wheat, germinated on filter paper before 
being transferred to the test solutions. The temperature has been kept throughout 
at +22° C. — (a) Cultures in constantly flowing solutions, run for four days with 
varied amounts of calcium chloride. For details see (9). — (b) Cultures in stationary 
solutions with 56 seedlings per liter solution and the solutions renewed daily, run 
for three days. This method has been used only in the potassium series. — (c) 
Cultures in stationary solutions with 14 plants in 75 ml. of solution, run for one 
day, after which the solutions were exchanged for fresh ones with additions of 
mannitol; the cell-wall properties were determined in these series. For the tech- 
nique see (10). All series were generally performed in triplicate; average values 
have been recorded in most of the tables. 

Dry weights were determined after drying in vacuo at +50° C. Individual cell 
lengths were measured on the root epidermis with the standard technique of the 
laboratory (10). Total nitrogen and soluble nitrogen were determined by the Kjel- 
dahl method in micro, the latter after precipitation of proteins with trichloroacetic 
acid. Nitrate nitrogen was determined according to Burstrém (6). The estimations of 
crude lipids were of a preliminary nature only and do not pretend to be very 
accurate: the carefully vacuum-dried and finely ground material was extracted in a 
Soxhlet apparatus with freshly redistilled ether for four hours, the ether evaporated, 
the residue dried in a desiccator and weighed. The iodine number was determined 
in micro after dissolving the residue in chloroform. 


The elastic and plastic properties of the cell walls were determined by alternating 
water saturation and plasmolysis of root segments (see Burström, 10). 


The effects of potassium 


The difficulty with the potassium experiments was that potassium defi- 
ciency cannot be obtained with seedlings containing potassium stored in the 
seed. The plants were deseeded in order to remove the reserves, but such 
seedlings are extremely sensitive to salts in the nutrient solution and can endure 
only highly diluted solutions. Tests were carried out with varied amounts 
of potassium chloride and with three concentrations of the basal nutrients; 
the results with the highest and lowest concentrations are recorded in table 1. 
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Table 1. The influence of KCl on root growth and cell elongation. — Deseeded plants 

grown for 3 days in flowing nutrient solutions of two concentrations, Solution I: Ca(NO3)2 

2-10-°, MgSO4 10°, NaHsPO4+ NA2HPO4 (ratio 1 : 0.2) 2- 10-5 M, Solution II=1W x Solu- 
tion I. pH about 5.5 


| | Solution I Solution Il <a 

| KCI M | Root growth Cell number | Root growth Cell number | 

| en Cell length p Ak oe Cell length y En | 

| 

| 0 24 162 150 15 148 103 
10—6 26 150 176 22 140 154 
10-5 31 150 208 16 137 118 
10—4 29 175 162 12 156 75 

| 103 16 154 104 6 153 39 | 


The best root growth was obtained in the lowest concentration of the 
basal solution and with potassium as low as 10~° M. In spite of the mentioned 
weakness of the experiments it is permissible to conclude that when potas- 
sium chloride is varied within such wide limits as from zero to strongly 
growth-retarding concentrations the cell elongation is wholly unaffected. The 
differences in root growth are entirely due to variations in the cell multi- 
plication, which in the weakest basal solution has a distinct maximum at 
105 M potassium chloride. 

The contents of the nitrogen-fractions will not be recorded in detail, 
because they showed insignificant variations. In solution I the content of nitro- 
gen in millimols per gram of dry matter varied irregularly between 1.43 and 
1.86 with the figure 1.83 at 105 M, and in solution II from 1.95 to 2.25 with 
2.03 mmol. at 10 5 M potassium chloride. 

The results clearly show that under the given experimental conditions 
potassium has no influence on the cell elongation in spite of the large varia- 
tions in the total root growth and cell multiplication. It should be mentioned 
that Pirson and Seidel (15) likewise found with Lemna roots no influence 
of potassium on the cell elongation in short-time tests. The difference 
compared to the action of calcium is clear-cut. Nor does potassium change 


the composition of the roots, as illustrated by the content of organic nitrogen 
compounds. 


Calcium and the composition of the roots 


The main experiments consisted of series with flowing solutions and varied 
amounts of calcium (table 2). In series I no trace elements were added. The 
seedlings responded positively only to iron and boron, and in series II these 
elements were added. The calcium-free solution was omitted from this series, 
because it tends to give rather irregular values owing to real damages of the 
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Table 2. The influence of calcium on the growth and composition of the roots. — Plants 

grown for four days in flowing solutions. Basal nutrient solution: KNOs 5:10—*, MgSOg 

225-1027, KHsPO, 5-10—*, NasHPO, 5-10—* M. — In Series Il was added: Fe2(SOa)s 

10—°, H3BO310-°. — pH 6.7-—6.9. -— Fresh and dry weights in g. per 144 plants; protein 

and fat contents in per cent of dry matter; iodine number is computed in per cent of 
crude fats. Average values. 


SS 


Fresh | Dry | Cell valence Protein | Crude lodine 
eu weight g | weight g | length „ | Dumber per cent | per oe Auber 
| | rel. per cent 
Series I | | | | 
0 | 6.40 0.52 254 127 | 10 | — * es | 
10-6 | 7.48 0.64 229 166 DR ee | 
10—5 | 8.14 0.57 289 HE VO ON ene u) 
10% 8.74 0.56 315 194 | 19 | = | — | 
10—3 | 11.40 0.70 307 250 18 + ey 
! Series II | | | 
10-5 | 8.24 0.68 212 2294 sae Se ths 42 
10— 10.98 | 0.75 247 290 | 16 | 1.6 69 
10-4 13.02 0.78 335 O60 9 Ne O35 le ect 85 
10-3 13.49 0.78 | 327 288 | 23 1.8 64 


roots and, probably, unavoidable contaminations by calcium in the large 
volumes of solution employed in these experiments. 


It is easily inferred from the figures that the cell elongation increases 
with an increase in calcium from 10% to 10”? M rather similarly in the two 
series, although the cell multiplication is very different. At low calcium- 
concentrations an addition of the two trace elements causes a significant 
increase in the cell multiplication, which is absent at higher calcium-levels. 
Special tests showed that it is due to the iron. It seems possible that the 
disappearance of the iron effect in high-calcium solutions depends upon 
traces of this element in the calcium salt employed. The 144 seedlings of 
each test received about 48 liters of solution in four days. However, the 
important point in this connexion is that calcium obviously specifically 
increases the cell elongation, independently of changes in the cell multipli- 
cation caused by other elements. 

The weight figures further show that this growth effect of calcium takes 
place even if there are no corresponding increases in the dry matter. The 
cell elongation outwardly appears only as an elongation under an increased 
water absorption. This does not imply that metabolic changes in the dry 
substance present do not occur, only that they do not show up in the amount 
of solid cell matter. These young seedlings have been shown to feed entirely 
on the supply of carbohydrates derived from the seeds (Bosemark, 3); a 
noticeable net gain in dry matter through photosynthesis is not obtained until 
after about six days. This means that the development may be limited by 
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Table 3. The influence of calcium on the nitrogen belance of the entire plant (leaves + 

roots). — The same series as in Table 2. — Dry weight in g. and nitrogen fractions in 

mmol. N per 144 plants; the reduction of nitrate is computed in per cent of the 
amount absorbed. 


oo 


| | | N taken u Nitrate N present in the plant as 
| CaM |. ne = = reduced per —- : ee 
| | WEIS" 8 | from the seed| as NO,— cent NO,— |soluble-N | protein-N 
| | | | 
Series I | | | | 
0 1.88 4.02 0.29 (45) 0.16 | 0.91 3.24 
10-8 1.95 4.08 1.42 61 0.56 0.78 4.16 
10-3 2.03 | 3.93 | Peer | 70 0.70 112 4.44 
10—t 2.09 3219 | 450 | 69 1.40 1.02 5.87 
10-3 | 2.30 3.96 | 5.09 12 1.41 1.59 6.05 
| Series II | 
10—6 2.15 4.08 | 1.70 71 0.49 1.03 4.26 
10—5 2.39 4.14 | 3.70 75 | 0.94 ou 5.13 
10—+ 2.50 3.93 | 6.16 | 66 | 2.08 1210 6.91 
10 2.49 3.87 | 5.99 69 1.88 1.10 6.88 


the carbohydrate if growth is accelerated by a mineral nutrient factor. This 
is an advantage, because it renders possible a study of the action of cal- 
cium on the cell elongation without secondary increases in growth caused by, 
for example, the greater extent of the root system and a favoured mineral 
nutrient supply. 

That metabolic changes due to calcium, nevertheless, occur is shown by 
the increasing protein content, which follows the addition of calcium, but 
is not correlated with the cell multiplication. In order to study the cause of 
this increasing protein content determinations of protein, soluble organic 
nitrogen, and nitrate were carried out on all parts of the seedlings including 
the seeds, and a summarized balance sheet is presented in table 3. 

Most of the nitrogen comes from the seed and the rest is taken up from 
the solution as nitrate. It is conspicuous that this uptake increases with the 
calcium additions from practically zero at zero calcium. From 107$ to 10°? M 
calcium it increases 3.5 times in both series, although the root length only 
increases by a factor of 1.5. This disposes of the extension of the root 
system as the cause of the increased uptake. 

The absorbed nitrate is always only partly assimilated. It has been shown 
previously (cf. Burström, 8) that an increased rate of assimilation leads to a 
relative reduction in the amount of stored nitrate, but that otherwise a nearly 
constant part of the absorbed nitrate is reduced upon its entrance into the 
root. This is clearly the case here, and it can, consequently, be concluded 
that the nitrate absorption itself is intimately regulated by the calcium 
supply. 

Once again heterotrophic nutrition of the seedlings has the advantage 
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Table 4. Elastic tension of the cells of series II (Tables 2 and 3). C =cell length in the 
\ 1 - 


normal state, C, plasmolyzed, elastic tension in u and per cent of plasmolyzed length. 


| | Elastic tension | 


Ca M ANR LS QE RS 

on 0/9 
10—6 | 212 | 204 | 8 
10-5 247 219 28 150 | 
10-4 335 294 | 40 14 
10-3 327 282 45 | 16 


that even at zero calcium there is no nitrogen deficiency in the plants, which 
could have confused the issue as far as the calcium effect proper is concerned. 


Calcium and the cell-wall properties 


During the normal elongation of the wheat roots there are noticeable 
changes in the physical properties of the cell walls (7, 10). Initially these are 
in a plastic state but during the later part of the elongation cell walls are 
built up which attain a high and rather constant reversible elasticity. — 
Of course this may only apply to newly formed cells, later on the walls 
apparently harden probably due to secondary wall formation. — In series 
II from tables 2 and 3 the elasticity of the walls was determined (table 4). 
They appear to be practically unelastic in the lowest calcium-concentration, 
and the same holds true at zero calcium. With increasing calcium the walls 
attain the usual elastic property, characteristic of normally developed cells. 

It is, in fact, incorrect to compare directly the absolute figures for 
elasticity, because the elastic extension depends both upon the wall proper- 
ties and the osmotic values of the cell sap. These were not determined, but 
it is a fair assumption that their variations cannot cause the increased 
extension. Pirson and Seidel (16) noticed an increased osmotic value at cal- 
cium deficiency, and an increase in the elastic extension from nearly zero 
to about 15 per cent of the cell length cannot be explained in this way. 

If the water absorption is limited by mannitol in the external medium the 
plastic properties may be revealed (10). In sufficiently high concentrations 
of mannitol the cells elongate until a state of incipient plasmolysis is attained. 
Special series of experiments were performed in order to study this pheno- 
menon at optimal calcium and zero calcium (table 5). With 10°? M calcium 
the elongation could be cut down to around 200 u cell length, whereby the 
elasticity disappeared. — A plasticity could not be attained in this way; a 
higher concentration of mannitol would apparently have been necessary 
under these experimental conditions, and for practical reasons the limit of 
0.4 M could nor be exceeded, — Without calcium the cells are normally 
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Table 5. The influence of calcium on the cell wall tensibility. Plants grown for 24 hours 
with Ca 0 or 10—* M, then for another 24 hours in the same solutions with additions of 
mannitol. — Basal nutrient solution: KNOs 2-10—*, KH2PO4 3 :10-°, Ca(NOs)2 2-10—* 
or NaNOs 4-10-?, MgSO4 2:10-°, MnCls 10-5, Fea(SO4)3 10-°, HsBO3 16-*. — C =cell 
length in these solutions, C, the same cells water saturated, and C_ plasmolyzed. Gi 
—elastic elongation, C,—C,,=Plasticity, all in u. Triplicates with of each > 300 measured 


cells and average values. 
UN S 


| Ca M | Mannitol M Cn Ca Cp | Elasticity Plasticity 
318 ms 263 | | 
10-4 0 330$ 319 : =) 319 279% 268 51 | 0 
308 = | 263 | 
216 234 211 | 
10—4 0.3 218% 212 257% 240 77 ne 28 | 0 
| 203 | 228 199 
| | 
| 194 203 197 | | | 
ET 0.4 | 150! 174 155% 177 | 150% 174 3 0 
| | | 179 172 | 175 
| 210 — | 209 | 
0 0 189% 199 — ' 199 185$ 195 4 | 0 | 
199 =) 190 
155 1171 165 
0 0.3 171% 154 | 203) 179 | 187} 169 10 15 
1137 164 | 154 
160 204 | 189 
0 0.4 128) 138 164$ 174 148$ 159 15 21 
125 | 154 139 | 


unelastic, and a reduction of the water absorption revealed an increase in 
both elasticity and plasticity. A fact worth noticing is that with calcium the 
elasticity disappears at a cell length coinciding fairly well with that 
obtained in the absence of calcium. As a matter of fact the roots in 10-4 M 
calcium+0.4 M mannitol are remarkably similar to those without both 
calcium and mannitol. Furthermore, without calcium mannitol reduces the 
cell length, but, if these cells are allowed to expand in water they again 
attain a length of about 200 u. 

The bearings of these results for the interpretation of the cell elongation 
mechanism will be discussed in a subsequent paragraph after a survey of 
the calcium actions in general, but two points should be emphasized here. 
Firstly, that calcium is necessary for the building up of the elastic parts of 
the cell walls, and, secondly, that the plastic properties of the walls appear 
even in the absence of calcium. 


The interaction between calcium and nitrogen 


In the old literature the interaction between calcium, nitrogen metabolism, 
and organic acids was discussed from different angles. The investigations of 
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Olsen (14) and Iljin (13) showed that there is a rather simple relation be- 
tween calcium and carboxylic acids, the role of nitrogen being probably 
only indirect. There remains in the literature the statements by Parker and 
Truog (15) and Ijin (13), however, that there is a general connexion be- 
tween calcium and nitrogen contents of different plants under ecological 
conditions. 

If plants suffer from a lack of both calcium and nitrogen such severe 
damages are likely to occur that the causal relations are obscured. However, 
the heterotrophic nature of the present material permits a clear identifica- 
tion of the nature of this connexion. It is obvious that calcium is indispen- 
sable for the absorption of nitrate from the external solution. This may 
imply either that calcium is necessary for the formation of some specific 
carrier of nitrate during the initial phase of the ion absorption (cf. Epstein, 
12), or that calcium is necessary for the general mechanism of ion absorption. 
Experiments to elucidate this point are in progress. — The colloid-chemical 
function of calcium as an antagonist has been advanced as an explanation 
of even the root growth activity (cf. Aulich, 1). A comparison with the potas- 
sium series shows that the actions of calcium are specific for that ion and 
do not depend upon a general antagonism against other cations. 

The next question is whether this calcium-nitrogen relationship can 
explain the growth action of calcium, Increasing nitrogen causes decreasing 
cell elongation (Bosemark, 3); this author has discussed the reason and 
concluded that nitrogen may inhibit growth by increasing the auxin content 
(cf. Avery and coll. 2). This is supported by the fact that nitrogen- 
deficient roots are insensitive to presumed antiauxins. With calcium defi- 
ciency on the contrary, the low nitrogen content is connected with a low 
rate of elongation and a high sensitivity towards antiauxins. It is obvious 
that some effect of calcium totally overshadows that of nitrogen on the cell 
elongation. The results are in better agreement with those of Brian and 
Rideal (4). According to them a high protein content should cause inactiva- 
tion of auxin and, consequently, increased root growth. There is a tendency 
towards a rising lipid content with increasing calcium, but the ratio protein: 
lipid increases too. It may be possible to explain the action of calcium by 
the following sequence of effects: increasing calcium > increasing uptake of 
nitrate — increasing protein > fixation of auxin lowered content of active 
auxin > increased root growth, but this is at present rather speculative. 
Nevertheless, if Brian and Rideal are right auxin should be inactivated at a 
high calcium-content, which could explain the puzzling observation (9) that 
calcium actually behaves as an antiauxin but that the calcium and isobutyric 
acid effects exclude each other. This is to be expected: If the active auxin is 
antagonized at its point of action by an isobutyric acid it is of no conse- 
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quence if the inactivated auxin is fixed by proteins or not, and, on the other 
hand, if it is fixed at a high calcium content, the isobutyric acid has nothing 
to counteract. 

The alternative is that calcium exerts two separate actions, increasing 
growth and increasing nitrate absorption. This is not very far-fetched 
either if calcium enters as a regulator of some structural unit both in the 


cell wall — connected with growth — and somewhere in the cytoplasm 
— regulating the structure-bound ion absorption. — With both alternatives 


the ultimate result for the cell elongation may be the observed structural 
changes in the cell wall. Even if it is impossible at present to settle the question 
of the way in which calcium acts upon the cell wall, the results give a good 
clue to a definition of the point of action of calcium in the elongation 


mechanism. 
The point of action of calcium 
Normally the cell elongation starts with a dissolving of the cell wall — a 
plastication — which in this plant material permits an elongation of the 


cells up to a length of about 200 u (10). This holds true also in the present 
investigation for the calcium-free roots. Their cells show a final length of 
about 200 u and the walls are both plastic and elastic. Calcium is obviously 
dispensable for this phase of the elongation, or required in much lower 
concentrations than can be obtained in ordinarily purified nutrient solutions. 

Some remarks ought to be made concerning the concept of »plasticity» in 
this connexion. In common physical, well-defined materials and even in 
gels (11) reversible elastic extension is obtained at low stresses. Only when 
these exceed a certain limit does the material become plastic, it stretches 
irreversibly and from then on can attain a new elasticity. However, in young 
cell walls »plasticity» and »elasticity» run parallel to each other, and it can 
be doubted if the concept of plasticity in its strict meaning can be applied 
to this colloidal-micellary material. It may be as unwarranted as attempts 
to compare a macro-molecular, micellary colloid with a simple gel. The 
plasticity revealed in cell walls when water absorption is inhibited implies 
that the walls have attained a capacity to expand, even if there has been 
no water absorption so that this expanding power has not been effectuated. 
Whether this depends upon a true dissolving of already present wall material, 
or an incorporation of new material, or a combination of both is of less 
importance. In any case the phenomenon can best be described as follows: 
the walls are in a labile, semi-fluid state, they are to some extent elastic — 
even cytoplasm is elastic — but upon passive extension under water absorp- 
tion the wails are easily fixed in the extended state. When they are fully 
expanded in this way and fixed in that position the whole tensibility, 
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including the elasticity, has disappeared. It seems as if the reversible part of 
the tensibility can also be used up in an irreversible elongation. That a 
dissolving of the protopectin compounds in cell walls can be induced by 
auxin has been stressed by Bryan and Newcombe (5). This should take 
place at the start of the elongation, and an addition of calcium is not neces- 
sary for this process. 

If, however, calcium is present and water absorption is highly reduced 
the cells, nevertheless, are able to expand to about the same length as without 
calcium, and with the same lack of elasticity. It is tempting not to ascribe 
this to a mere coincidence, Practically, the growth-promoting action of cal- 
cium disappears if water absorption is inhibited, which is not the case with 
the elongation due to a plasticity. This can be hypothetically explained so, 
that calcium is indispensable for the building up of the final elastic compo- 
nent of the cell wall, but this cannot take place unless the walls are expanded. 
This leads to a substantiation of the assumption (7, 11) that during this 
second phase of the elongation the walls grow by intussusception and this 
can only take place if space is made in the wall by an extension under 
water absorption. This growth by intussusception should be the point of | 
action of calcium. 

Pohl (17) has criticized the main principles of this hypothesis stressing the 
fact that in his material elasticity is the consequence of the cell elongation 
not a prerequisite. This view is, generally speaking, not at variance with the 
present results. The elasticity appearing in the normal, full-grown cells is, 
as a matter of fact, the result of the calcium-induced growth by intussuscep- 
tion under water absorption; if this phase of the elongation is inhibited, no 
elasticity appears. During the first phase of the elongation, on the contrary, 
the elasticity and plasticity together, or generally the tensibility of the walls, 
undoubtedly come prior to the passive elongation under water absorption. 
A strict comparison with Pohl’s results is not feasible owing to differences in 
the materials employed and the lack of detailed analysis of the different 
phases of elongation in shoots. 


Summary 


The influence of calcium on the properties of growing roots has been 
investigated, Calcium exerts two actions not found with potassium, iron, or 
boron. It increases the elasticity of the cells walls but is dispensable for 
the plasticity, which appears during the first phase of the cell elongation. 
Furthermore, it is necessary for the absorption of nitrate from external 


medium. 
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The relation between calcium, protein synthesis, and auxin conditions have 
been cursorily discussed. The concept of plasticity of the walls versus elasti- 
city has been examined, and it is suggested that these cannot always be 
applied in their strict sense to growing cell walls. 

The results corroborate the assumption that growth starts with an increase 
in the tensibility of the cell walls, which is independent of calcium, and is 
followed by a calcium-induced formation of the elastic components of the 
final wall by intussusception. 

The author is indebted to Miss Annastina Trotzig for permission to publish 
the potassium series, and for technical assistance to Mrs G. Jansson, Miss I. Rosén, 
and Mrs R. Fredriksson. The investigation has been supported by grants from the 


Swedish Science Research Council and the Wallenberg Foundation, for which the 
author expresses his gratitude. 
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Introduction 


Earlier determinations of the action spectrum for light-induced changes 
in the protoplasmic viscosity indicate that the main response to light is 
restricted to wave lengths between approximately 400 mu and 500 mu (Vir- 
gin 1952). Peaks in the spectrum were found at about 450 mu and 480 mu. 
The positions of the peaks varied slightly from one experiment to another, 
thus indicating either an uncertainty in the method used or a true variation 
in the plant material. 

In this paper new determinations of the action spectrum will be described. 


The action spectrum for the effect of light on protoplasmic viscosity of 
leaves, as measured by the centrifuge method, has been determined in two 
ways: either by illuminating the leaves with different wave lengths of mono- 
chromatic light at a series of intensities for equal periods of time; or by 
exposing the leaves to a small wedge spectrum. Since strong light causes a 
decrease in viscosity as the initial effect of illumination and weak light an 
increase, there is a possibility of an interference between the two effects. 
How this might effect the measurement of the action spectrum is discussed. 


1 Address after Jan. 1, 1955: Botanical Laboratory, Lund, Sweden. 
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Experimental 


1. Determination of the action spectrum by means of light 
from a grating monochromator 


The experiments were performed with leaves of Helodea densa which 
were pretreated according to the method earlier described (Virgin 1952). The 
leaves were placed in front of a slit in a piece of aluminum foil and illu- 
minated for three minutes with light from a transmission-grating mono- 
chromator, the construction of which is described by French et al. (1949). 
The light source consisted of a mercury high pressure lamp (Osram, HBO). 
The small amount of stray light present was removed by various glass filters, 
cf. French and Young (1952). The total band width of the monochromatic 
beam was 15 millimicrons. The size of the beam falling upon the leaf parallel 
to the middle rib was made 6X1 mm by means of a combination of lenses 
in front of the leaf. The intensity of the incident light could be varied by 
inserting various combinations of wire screens in the path of the light beam. 
The leaf was kept in position on the aluminum foil by means of a cover glass 
resting on small fragments of a similar cover glass, thus avoiding any pres- 
sure on the leaf. The slide on which the foil was mounted was fitted in a 
metal holder which kept the glass perpendicular to the incident light. This 
holder together with a thermopile were mounted side by side on a rack 
which could be moved sideways by means of a pinion. The rack could be 
brought back to exactly the same position by means of stop screws on both 
sides of the device. By this arrangement the leaf could be replaced by the 
thermopile and the total energy of the incident light measured at any moment. 


The opening of the thermopile was wide enough to catch all the light falling 
upon the leaf. 


After the leaves had been illuminated they were centrifuged for four 
minutes at 930 times gravity, then fixed in a solution of formaldehyde and 
chromic acid (according to Navashin) and investigated under a dissecting 
microscope as described earlier (Virgin 1951). 

The threshold value for the light intensity to cause a decrease of the 
viscosity of the protoplasm in the illuminated cells was determined. About 
ten to fifteen measurements had to be performed with different intensities 
of light in order to get the proper value, which was then checked by repeated 
series of illuminations. For each measurement one leaf is necessary. Because 
the method is time consuming it takes several days to go through the whole 
spectrum. It is therefore quite evident that the individual variations in 
response to light between different leaves and especially between different 
plants can become significant even if the pretreatment has been uniform. 
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Table 1. Determination of the threshold value for a decrease in the protoplasmic viscosity. 
An example of one determination. Time of illumination: 4 min. Time of centrifuging: 4 min. 


Wave length mp Incident light ergs/cm?. - sec. | Effect (decrease = +) 
450 994 | ote 
450 973 en 
450 432 + 
450 432 el, 
450 324 ae 
450 324 | (+) 
450 238 | = 
450 238 = 
480 540 | A ee 
480 540 nr 
480 390 | Je 
480 390 | ets 
480 280 + 
480 280 = 
480 195 | (eS) 
480 195 
480 173 2 
480 173 | = 
480 151 | -- 
480 151 
510 3240 A 
510 3240 | a 
510 2070 | ++ 
510 2070 SP 
510 1510 | 2 
510 1510 ie 
510 1320 | — 
510 1320 = 
510 970 — 
510 | 970 — 


In Table 1 is shown one determination of the threshold values for wave 
lengths 450, 480, and 510 mu. It is evident from this table that if it were 
possible to determine the threshold values for the whole spectrum within a 
fairly short time, the variations in values from different determinations would 
be comparatively small since the proper threshold value at a certain moment 
can be estimated with a relatively great precision. Owing to the fact, how- 
ever, that the response of the leaves is changing during the time in darkness 
(cf. Virgin 1591) a repeated determination some hours later will give a value 
different from the first one obtained. It has not been possible to reduce the 
time necessary to get one complete spectrum to less than three days. Rather 
big differences thus occur between values obtained at the beginning of a 
series and at the end. These differences in response can be reduced to some 
extent by using pieces of the same plant adapted to the same intensity of 
light for exactly the same period of time before the measurements took 
place. But it is not possible to reduce them entirely. This shows that even if 
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Figure 1. Action spectrum for the response to light. Curve A, solid line, shows the action 

spectrum obtained by determining the threshold value for the intensity of light causing 

a decrease in the viscosity. The points denote the average of 5 determinations. Curve B 
gives the reciprocal values of curve A. 


the value for the viscosity is constant after three days in complete darkness. 
there are probably fluctuations occurring in the response to light. 

Curve A in Figure 1 shows the action spectrum obtained by using leaves 
from the same plant. The approximate spread of the individual values during 
the time for the investigation is shown by vertical lines; the points in the 
curve denote the average values. From this curve it is evident that the 
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maximal response of the protoplasm to light is located at wave lengths 
between about 400 mu and 500 mu with the greatest response at 460— 
490 mu. The response decreases very rapidly towards the red. A small 
minimum is located between 480 mu and 490 mu in the action spectrum 
curve, but the considerable spread of the individual values makes it impos- 
sible to decide if this minimum is real. 


2. Determination of the action spectrum by projecting a small 
spectrum directly upon the leaf 


The occurrence of great variations in response between different leaves 
and different plants at various times made it desirable to find a method which 
eliminated this disadvantage. It seemed that by projecting a whole spectrum 
on a single leaf this might be accomplished because only one leaf would be 
necessary for the determination of a complete spectrum. 

The following method was used. A small energy-equalized spectrum was 
projected on the leaf. The monochromator was fitted with a triangular 
shaped slit so that the energy passing the top of the slit was less than that 
passing the bottom. Thus the energy of the spectrum on the leaf was graded 
from top to bottom. After centrifugation of a leaf so illuminated an action 
spectrum should show up on the leaf as a pattern determined by the sensi- 
tivity to various wave lengths. A gradation in the displacement of the cell 
contents will occur, however, only if the proper intensity of light, time of 
illumination, and time and force of centrifugation are chosen. The adjust- 
ment of these four variables in order to obtain clear-cut results was very 
time-consuming. 


The apparatus used consisted of the following parts (Figure 2). The light from an 
incandescent lamp (A) (Mazda, 18 amps, 6 volts) given a small amount of over- 


A 
OLL WD ee 


2 
2 
z 
2 


Figure 2. Optical system used for obtaining the spectrum projected upon the leaf. A, projec- 
tion lamp (Mazda, 18 amps, 6 volts); S, triangular-shaped slit; G, replica grating of 7000 
inch: D, diaphragm; W, wedge; O, holder for the object. All lenses were of well 


lines/ 
corrected photographic quality. 
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voltage, was focused on a slit (S) by means of two condenser lenses (L,, L,). The 
shape of the slit (S) could be varied. The slit was made by cutting out triangles in 
aluminum foil mounted on a thin plate of optical glass. In this way various angles 
could be obtained with a fair degree of accuracy. From the slit the light passed two 
lenses (L,, L,), between which a grating (G) was placed. At the place for the image 
of the spectrum of the first order thus obtained, a wedge (W) was inserted together 
with a diaphragm (D). The wedge consisted of a photographic plate gradually 
darkened to compensate for the increase of energy towards the red part of the 
spectrum. The gradation of the blackness of the photographic plate was made 
empirically, since it proved very difficult to get just the proper blackness by cal- 
culating the time for exposure which had to be used to get a certain degree of 
blackness. Among about 15 plates of different gradation and blackness one was 
found which fulfilled the requirements of equalizing the light energy over the 
spectrum within narrow limites of error (Figure 3). The determination of the energy 
of different parts of the spectrum was made by inserting a metal plate with a 
vertical slit at the same place as the diaphragm (D), which let through about 20 mu. 
By moving this slit along the wave length axis various parts of the spectrum could 
be projected on a thermopile at (O). The diaphragm (D) consisted of a metal sheet 
painted black in which a hole was cut of the same size as the image of the spectrum. 
In this way most of the stray light was excluded from the beam. The light then 
passed two further systems of lenses (L;, L,) which decreased the image of the 
spectrum to a size of 1.256 mm. This image (O) was formed 1.5 cm behind the last 
lens unit. The spectrum thus obtained was made to fall on the leaf which was placed 
behind an aluminum foil with an opening a little narrower than the spectrum itself. 
In order to keep the leaf and the aluminum foil in position, the same device was 
used as earlier described in connection with the first method reported. In order to 
find the exact position of the different wave lengths of the spectrum projected in 
the opening of the aluminum foil, the incandescent lamp could be exchanged for a 
mercury lamp. The lines of the mercury spectrum then showed up clearly in the 
opening, and by measuring the distance between the Hg-lines, 436 mu and 546 mu, 
on a photographic plate inserted at this place, the exact positions of other wave 
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lengths could be calculated. In the aluminum foil a narrow vertical slit was made 
at the position of the 436 mu line which gave a reference point and which was 
checked every time a new experiment was started. In the spectrum 0.5 millimeter 
equals 10 mu. 

Obtaining the clearest difference in displacement of the cell contents after illu- 
mination and centrifugation is very much dependent upon the width of the slit for 
the incident light and to the gradation of the intensity of light. Many different sizes 
and shapes of the triangular-shaped slit were tried in order to get the most distinct 
action spectrum. It was here a question of getting the right gradation from strong 
to weak light so that the cells corresponding to the bottom of the spectrum after 
centrifugation showed a complete displacement of their cell contents while at the 
top of the spectrum only those parts of the tissue corresponding to the wave lengths 
giving a maximal response showed a slight displacement. It was found after many 
trials that the best picture was obtained with a slit shaped like an isosceles triangle 
the base of which is 1.5 millimeters and the angle at the top 50 degrees. This shape of 
slit gives a distribution of energy from bottom to the top in the spectrum as shown 
in Figure 4. The bottom of the slit covered a distance equal to 16 mp at the place 
of the image, and the average light energy in the spectrum, from 390 my to 530 mu, 
was 1296 ergs/cm.” : sec. Due to the fact, mentioned earlier, that a little part of the 
base of the spectrum is screened off by the aluminum foil, the average energy of 
the light falling on the leaf was 1095 ergs/cm.? : sec. 


The leaves were illuminated for four minutes, then centrifuged for 50 
seconds in an angle centrifuge giving a centrifugal force of 1500 times gravity. 
After centrifugation they were fixed as before and placed on a microscope 
slide. This was then inserted in a projector giving an enlarged picture of the 
leaf, which was photographed. 

A notch in the aluminum foil, which allowed light to hit the leaf on some 
cells below the lower edge of the illuminated area at the place for the wave 
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Figure 5. Action spectrum for light-induced changes in the protoplasmic viscosity. A, action 

spectrum obtained by projecting an energy equalized spectrum on a leaf of Helodea densa, 

followed by centrifugation. The picture is a compound photograph from ten single ones; 

B, spectrum which would be obtained if the action spectrum in Fig. 1 is plotted on the 

same scale as in the above photograph, and consideration is given to the distribution of 
light in the spectrum. 


length of 436 mu, made it possible to get a wave length reference point on the 
pictures. 

The individual cells of a leaf of Helodea are large in comparison to the 
whole illuminated area. The average length of a cell of Helodea densa is 
0.1 mm. (Virgin 1949), which in this case means that five cells cover a dis- 
tance of about 10 mu in the spectrum. This implies that the pattern of the 
action spectrum obtained by taking just one single picture is disturbed very 
much by the cellular pattern obtained after centrifugation. In order to eli- 
minate these disturbances ten pictures were selected and from them a com- 
pound picture was made by photographing the single pictures on the same 
photographic plate, giving each picture a tenth of the total exposure time. 
Owing to the afore-mentioned reference point in the picture, it was possible 
to orient the separate pictures in exactly the same way during the exposure. 
The compound picture obtained in this way is seen in Figure 5, A. The 
white parts in the figure are areas of the leaf tissue in which the contents 
of the cells have been more or less displaced. Thus, the darker the spots the 
less the influence of light. If the action spectrum obtained with the method 
first described (Figure 1, curve A) is plotted in the same scale as in the photo- 
graphic picture and consideration is given to the gradation of light in the 
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spectrum (cf. Figure 4), we get a curve as shown in Fig. 5, B. The curve 
is drawn through the points in the spectrum where we have the amounts of 
light corresponding to the threshold value for the decrease in viscosity. The 
two curves agree well. 


Conclusions 


The general pattern of the two action spectra thus obtained show a good 
resemblance. It is evident from Figure 5, A, however, that any definite peaks 
in the spectrum do not show up with the use of the second method. By 
looking at the individual photographs one can find some pictures in which 
it is possible to imagine two peaks — one at about 460 mu, the other at about 
490 mu — but in the combination of many pictures this pattern gets lost. 
It is, on the other hand, not possible or reliable to get a good idea of the 
spectrum from one single picture. 

The action spectra here reported have been obtained by using the visco- 
sity-decreasing effect of light as an indicator of response. The response of the 
protoplasm of Helodea to light is not proportional to the light intensity (Vir- 
gin 1951): strong intensities of light (> 2200 metercandles of incandescent 
»white» light) decrease the viscosity of the protoplasm as the initial effect 
of illumination if the plants have been in darkness for about three days: 
medium intensities give an increase as the initial effect; intensities of light 
below about 1 metercandle give a decrease. The decrease in viscosity after 
illumination with strong intensities starts within one minute after the be- 
ginning of illumination whereas the increase caused by intensities below 
about 2200 metercandles is demonstrable after one to two minutes. This 
implies that what we are measuring by using the two methods here reported 
is in reality the action spectrum for the viscosity-decreasing effect of light. 
There is no reason to assume, however, that the viscosity-decreasing effect 
of light should have a different action spectrum, considering that we are 
here dealing with a phenomenon characterized by periodic fluctuations in 
time between high and low viscosity of the protoplasm during constant illu- 
mination (Stalfelt 1946, Virgin 1951). We have a similar course of response 
to light in phototropism where no evidence has been given for a different 
action spectrum for positive and negative curvature. 

The effect of the »negative» response to weak light will lessen the area 
showing displacement of the cell contents. Also, owing to the time course 
of the changes in the viscosity with medium intensities of light (decrease > 
increase, cf. Virgin 1951), the longer the time of illumination the lower the 
height of the height of the area which shows displacement of cell contents. 
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Figure 6. Hypothetical »true» action spectrum for light-induced changes in protoplasmic 

viscosity. According to Virgin (1951) the illuminated leaf surface should show one area 

with decreased viscosity (A), followed by an area with increased viscosity (B). Outside 
this area another area (C) with decreased viscosity should be found. 


How the different effects would affect the action spectrum is shown 
schematically in Fig. 6. Above the area characterized by a decrease of the 
protoplasmic viscosity, A, (the white area in Figure 5, A) we have an area, B, 
with increased viscosity corresponding to the effect of medium intensities 
of light. Above this last area we should have another area, C, with decreased 
protoplasmic viscosity corresponding to the effect of very weak light. It has 
never been possible, however, to demonstrate these two last effects at the 
same time in the same leaf. The reason for this is probably the great dif- 
ference in the amount of change caused by high and low intensities of light 
and the time course for the two responses. 


Summary 


New determinations of the action spectrum for light-induced changes in 
protoplasmic viscosity have been made. They show essentially the same 
pattern for the action spectrum as was previously described. 


The action spectrum has been obtained on the one hand by illuminating 
single leaves of Helodea densa with monochromatic light from a transmission- 
grating monochromator, and on the other by projecting a small spectrum on 
one leaf, thus avoiding variations in response between different leaves. The 
method for this determination is described. 


The protoplasmic viscosity was determined by means of the centrifuge 
method. 


The influence of the action spectrum obtained of the difference in response 
to strong and weak light respectively is discussed. 


This work was performed at the Department of Plant Biology, Carnegie Institution 
of Washington, Stanford, Calif., U.S.A. 
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It has been shown in earlier investigations (Stalfelt 1945, 1946) that the 
viscosity of the protoplasm as evidenced on centrifugation of leaves of 
Helodea densa — is sensitive to light, even to weak lamplight. Moreover, illu- 
mination has an after-effect with a duration of several hours, and in the case 
of daylight of 2—3 days. This sensitivity is expressed in continuous varia- 
tions in fluidity, which are initiated and maintained by light. If the leaves 
are kept in darkness for 2—3 days, the fluctuations cease. Under natural 
conditions, such fluctuations are continuous, since they are constantly 
renewed by daylight. Virgin, who subsequently made a detailed study of this 
phenomenon (1947, 1951), demonstrated the same variations in the proto- 
plasmic viscosity in Spirogyra. 

Since Helodea and Spirogyra have hitherto been the only examples of such 
effects of illumination, I made investigations on other species, in particular 
terrestrial plants. I found, however, that although it was possible with centri- 
fugation to displace the chloroplasts in many species even with relatively 
slight centrifugal force, the results were lacking in uniformity. This was 
despite placing the material in the dark prior to the experiments, and 
despite the use of the experimental technique found satisfactory in Helodea. 
Helodea is, however, a water plant and its structure is simpler, both ana- 
tomically and morphologically, than that of the higher terrestrial plants. 
Consequently, it appeared probable that the lack of uniformity in the results 
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could be ascribed to differences of this nature and possibly to differences 
in the metabolism as well. The first aim of the present investigation was 
therefore to study these irregularities and to ascertain their cause. 


Methods 


The experiments were performed with the centrifuge method, on the same prin- 
ciples as earlier (Stälfelt 1945, 1946). Owing to the structure and organization of 
the material it was, however, necessary to introduce certain modifications. 

The centrifuges used were either an angle centrifuge (R=8 cm, maximum speed 
7,000 r.p.m.) with 16 tubes, or a specially constructed centrifuge (R=9 cm, maxi- 
mum speed 11,000 r.p.m.) with 16 tubes lying in the plane of rotation. The experi- 
mental object (a leaf, leaflet or piece of a leaf) was inserted between two thin slides 
of plexiglass; both the upper and under surface of the specimen could be examined 
immediately after centrifugation. As a rule, a binocular dissecting microscope was 
used. 

All the determinations were made on subepidermal chlorenchyma cells. Reading 
off is facilitated if the specimen is placed in such a way that the chloroplasts are 
centrifuged in the plane of the surface of the leaf; they then form an easily recognized 
half-moon shaped agglomeration in the distal end of the cell. No special measures 
are required for this purpose if the centrifuge tubes lie in the horizontal plane. If 
an angle centrifuge is used, the position of the slide must be adjusted so that the 
plane of the leaf surface coincides with the gradient of the centrifuge. 

The specimens consisted of a leaf, leaflet or a rectangular piece of a leaf, the 
maximum size being 8 by 150 mm. During centrifugation, the different parts of the 
specimen are exposed to varying magnitudes of centrifugal force, depending on the 
distance from the centre of the centrifuge. Consequently, the chloroplasts farthest 
from the centre are the first to be displaced. As long as the displacement is still 
partial, it is also greatest at this site. These differences facilitate the reading and 
the comparisons. The result will namely be not either »displacement» or »no dis- 
placement» of the chloroplasts, but displacement taking place by stages. Certain 
differences in the individual cell and between the different cells — as described 
earlier (Stalfelt 1946) also contribute to its occurrence. 

Preliminary experiments were made with each species of plant, in order to deter- 
mine a suitable speed, i.e., a speed sufficient to displace approximately half the 
chloroplasts during the centrifugation time chosen, which was usually 8 minutes. 

If, for example, a comparison was to be made between various experimental 
objects, specimens were taken from all of them simultaneously (max. 16 specimens). 
The specimens, lying in liquid paraffin, were placed between slides and centrifuged 
for 8 minutes. The centrifuge was then braked rapidly, and the tubes transferred 
to a stand of wire net, which was placed in boiling water ! for one minute. Rapid 
fixation is important, since the chloroplasts often start to return to their original 
position immediately centrifugation is stopped. As an example, mention may be 
made of a control experiment with Stellaria media. It showed that the rate of 


1 The fixation method was tested out by Bengt Nyman (unpublished report) but has 
been used earlier for similar purposes by Andrews (1903). 
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centrifugation of unfixed specimens decreased from 100 to 54 per cent in 10 minutes, 
i.e., at a rate of 4.6 per cent per minute. 

In similarity to other methods for measurements of the viscosity in biotic objects, 
the centrifuge method is based on exact determinations of certain factors and estima- 
tion of others. In my earlier investigations, I determined the time required for 
centrifugation to displace the chloroplasts to the distal end of the cell. It is difficult 
to state the exact time at which the last chloroplasts have reached the distal wall. 
Consequently, I chose as the borderline value the stage at which these chloroplasts 
had already started to move towards the wall but had not yet reached it. The deter- 
mination of this time obviously implies an estimation. Moreover, each determination 
usually necessitated two or more centrifugations; this fact limited the number of 
measurements that could be made, increased the consumption of the material and 
decreased the possibility of comparisons. Finally, an increase in the centrifugation 
time resulted in a loss of precision. The increase had namely a successively smaller 
effect with an increase in the duration of centrifugation. Ultimately, it had no effect 
whatsoever, a fact which implies that the number of rotations was too small to 
overcome the viscosity of the protoplasm. 

In the subsequent course of the investigation, I therefore used a constant centri- 
fugation time (usually 8 minutes). The results of centrifugation were then determined 
by means of an estimation of the magnitude of the displaced mass of chloroplasts 
in relation to the whole chloroplast content of the specimen, using a five-grade scale. 
The possibilities of estimation are greatest in the case of the lowest and highest 
values, so that half-units may also be used. Consequently, in the tables and figures, 
the values are stated in tenths or as percentages. 

Other techniques for determinations of the protoplasmic viscosity also make use 
of estimations. This applies even to methods based on the Brownian movement, 
e.g. Pekarek’s method (1931), which involves estimation of the diameter of the 
particles. The last-mentioned method is, however, concerned only with a single 
plastid or a single body, i.e., with local phenomena in the cell. But it must be borne 
in mind that the cell is not homogeneous. Local differences exist in the viscosity 
of the protoplasm (Scarth 1927, Hiraoka 1953) and the rate of movement of the 
chloroplasts also varies. Consequently, a single body cannot be regarded as repre- 
sentative of all parts of the cell. Still less is it representative of all the cells in an 
organ. Comparisons between the manner of reaction of the protoplasm in whole 
cells and whole organs therefore require a technique which permits a survey of 
large areas of an organ. 

In the present experiments, the determinations were usually performed as follows. 
Each test was repeated four times, after which the mean value was calculated. In 
those cases in which comparisons were to be made between several leaves or parts 
of leaves, all the specimens were taken concurrently, but only one specimen from 
each object. The mean value for homologous specimens in several such series was 
then computed (e.g. Figure 4). 


Factors Influencing the Determinations 


The specific gravity of the chloroplasts is one of the factors which deter- 
mines the results of centrifugation. No attempts to measure it have hitherto 
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been successful. It is possible that variations occur that are associated with 
metabolism and with the utilization of certain products, e.g. starch. According 
to Dellinghausen (1936) the specific gravity of the plastids is increased by 
starch. Kessler (1935), however, found the opposite to apply. Like Kessler, 
I endeavoured to avoid variations of this kind by using plants pre-treated in 
darkness for 2—3 days. During this time, the chloroplasts are presumably 
freed from any existing starch and other carbohydrates. It is, however, im- 
possible to ascertain the quantity of such substances that is still present 
despite such treatment. For this reason, and on account of the lack of know- 
ledge regarding the specific gravity of the plastids in general, the usefulness 
of the centrifuge method is limited. If, however, the same results recur after 
the plastids have been stabilized in darkness and the starch has been eva- 
cuated, there is a greater probability that the cause is not to be ascribed to 
chance or to differences in metabolism. 

The size of the chloroplasts can be determined, at any rate with a con- 
siderable degree of accuracy. It is possible to measure the diameter of the 
lens-shaped body, but scarcely its thickness, since this presupposes that the 
radius of the chloroplast is exactly adjusted in the line of vision. An accurate 
check on such an adjustment is impossible. 

A special investigation was therefore made of the variations in volume, 
in order to ascertain the extent to which they influence the values for centri- 
fugation. In each specimen, measurements were made of 10 chloroplasts from 
the upper surface of the leaf and of 10 from the under surface and the mean 
values calculated. It was found that the size of the chloroplasts varied in the 
individual species, but that these variations were small in comparison to 
those occurring in other morphological features (Table 2). The same con- 
clusions were reached by Schratz (1927) and by Schmidt (1939) in studies on 
mosses. Nor was there any change in the size in connexion with polyploidiza- 
tion, although there is then an increase in the size of both the cell and the 
organ. A tetraploid Trifolium pratense, as compared to a diploid, had leaves 
that were more than twice as large and a cell volume that was 73 per cent 
greater; in both cases, however, the diameter of the chloroplasts was the 
same. Twenty-nine leaves of each form were examined. The results were. 
on the whole, the same in a comparison between tetraploid and diploid rye 
(Secale). In the tetraploid form, the weight of the leaf was 90 per cent greater, 
the cells 64 per cent larger, but the diameter of the chloroplasts only 4 per 
cent greater. In these cases, 4 leaves of each form were studied. The size of 
the chloroplasts was also measured concurrently with the determinations of 
the protoplasmic fluidity in some of the experimental series. It was found 
that, in the individual plant and species, these variations were inappreciable 
(Figures 3, 5—8), or at any rate not of sufficient magnitude to be reflected 
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in the values for centrifugation. The effect of such variations is masked by 
other, stronger factors. 

The volume of the cells is usually related to the size of the leaf from the 
tip of the stem to the base. The fluidity sometimes shows an apparent rela- 
tion to these variations, so that it seems to be a function of the cell volume 
(Figures 6, 8). A number of measurements were therefore made to ascertain 
the conditions. Comparisons were made between diploid and tetraploid forms 
of the same species, and between celis of different size in the same organ. 
No relation was, however, found between the size of the cells and the fluidity 
of the protoplasm. The following conclusions could be drawn: 


1. The protoplasmic fluidity is the same in diploids and tetraploids, 
despite a considerable difference in the size of the cells and the leaves. In 
similar determinätions on a species of Oenothera, Bogen (1949) obtained 
entirely dissimilar results. He found that the time required for plasmolysis 
was longer for the cells of the tetraploids than for those of the diploids, 
which would imply that the viscosity of the former is greater. But, is not 
the time required for plasmolysis necessarily longer, owing to the greater 
volume of the cells of the tetraploids? It was namely about twice as large 
as that of the diploids. 

2. The fluidity is the same in the ridges and in the bottom of the furrows 
on the surface of the leaves of grasses, in this case leaves of Secale. This is 
despite the difference in the size of the cells at the respective sites, their pro- 
portions in the cases studied being 1 : 2.5 in the tetraploids and 1 : 4.1 in the 
diploids (4 leaves of each form were investigated). 

3. Variations are found in the fluidity, even in such cases in which the 
volume of the cells and the diameter of the chloroplasts are practically con- 
stant (Table 2, Figures 3—5, 7). 


The water balance is an important factor in determinations of the fluidity. 
The fact that it influences the protoplasmic viscosity has been demonstrated 
earlier by Northen (1943), and by Scarth (1941). I therefore made special 
experiments to study its effect and to ascertain, if possible, the borderline 
figure for the water deficit causing a reaction in the fluidity. For this pur- 
pose, I used leaves of Vicia sepium and Achillea millefolium. They were kept 
for 2—3 days in a moisture-saturated chamber and then allowed to transpire 
without the administration of water. During this time, specimens were taken 
for measurements of the fluidity. It was found that the fluidity usually 
decreased in proportion to the increase in the water deficit. Even a deficit 
of 5 per cent (calculated on the water content of the specimen at saturation) 
caused a marked decrease (Figures 1, 2). The leaves did not, however, react 
uniformly. As a rule, the fluidity decreased more rapidly in the apical than 
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Figure 1. The relation of the change in the fluidity of the protoplasm to the onset and 

increase of the water deficit. Abscissa: Experimental time in hours during which the leaf 

transpired without the administration of water. Ordinate: Relative value of the fluidity 

(n/10). — A—apical leaf, B=leaf from the middle of the stem, C and D=leaves inserted 
between A and B. — Centrifugal force 2800 g. Achillea millefolium. 


in the basal leaves, and to a greater extent in the under surface of the leaf 
than in the upper. The sensitivity is thus not the same in all parts of one leaf, 
nor in all the leaves on one stem. 

The change in viscosity of this kind can be regarded as a result of the loss 
by the cell sap and the protoplasm of water for solution and swelling. This 
loss is accompanied by a decrease in the dispersion space, i.e., an increased 
concentration, of substances dissolved or dispersed by other means, and a 
resulting increased friction between the particles, both dissolved and swollen. 
The change is of a different nature to the increase in viscosity resulting from 
a water deficit of long duration and that has been studied by Northen (1938), 
Schmidt (1939) and Schmidt, Diwald, and Stocker (1940). With a water 
deficit of long duration, the osmotic value is increased, owing to a new 
formation of osmotically active substance, or to a transformation from an 
osmotically inactive to an osmotically active form (Schmidt 1939 and the 
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Figure 2. The relation between the fluidity of the protoplasm and the water deficit. 
Abscissa: The water deficit as a percentage of the water content of the leaf at saturation. 


— A=Achillea millefolium, mean of 4 plants. Centrifugal force 2800 g. B=Vicia sepium, 
mean of 5 plants. Centrifugal force 3600 g. 


bibliography in his publication). As soon as after 36 hours, the sugar content 
— for example: — may have increased by 49 per cent with a water deficit 
of 21 per cent (Iljin 1929). Irrespective of whether a new formation or trans- 
formation has taken place, the change in viscosity is a result of a change in 
the concentration, but this is not the only cause. It is also dependent on the 
hydration of the particles. This may also be infiuenced by the newly formed 
substance. 

Therefore, in order to obtain homogeneity of the experimental material, 
it does not suffice to keep it in darkness for a certain period. It must also 
be pre-treated in such a way that the water deficit is overcome. In addition, 
the specimens must be protected against an exchange of water during the 
experiments. In the present investigation, the specimens were kept in a 
moisture-saturated chamber during the time they remained in darkness. 
Moreover, the specimens to be centrifuged lay in liquid paraffin between the 
slides. 
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Table 1. The difference between the fluidity in the cells of the upper and under surface 
of the leaf, respectively. Before the experiment, the object was placed in darkness in a 
moisture-saturated chamber for about 48 hours. 


i 


_ No. of specimens | Fluidity n/10 
Speci | Te: Tac Te 
Den Plants | Leaves | Total no. of | Upper | Lower 
specimens | surface | surface 
NEL SC PUTT oe wre oe 3 3 | 12 2.8 0.5 | 
Linum grandiflorum 2 2 | 20 4.7 2.7 | 
Capsella bursa pastoris .. 2 8 66 3.1 | 2.3 | 
Trifolium pratense ...... m 30 | 44 | 3.3 4.1 
Thlaspi arvense......... 2 16 | 32 | 0.4 | 1.8 
Convolvulus arvensis .... 2 16 32 | 3.8 5.7 
Achillea millefolium ..... 4 16 50 | 2.5 6.2 
Total 22 ey EO? ni 256 20.6 23.3 


The changes in the fluidity in the individual plant were studied in three 
different ways. Comparisons were made between the upper and under surface 
of the leaf, between the different parts of the leaf, and between leaves 
inserted at various levels on the stem. 

The upper and under surface of the same leaf did not, as a rule, have the 
same values for the viscosity. In some species the viscosity was higher on 
the upper surface and in others the opposite applied (Table 1). Moreover, the 
differences were inconstant in the individual species, so that the higher values 
were sometimes found for the upper surface and sometimes for the under. 
This applied in particular to species in which relatively small differences 
are found in the leaves, and to specimens taken for examination directly 
from their natural surroundings, without pre-treatment in darkness and in 
saturated moisture. Of the 15 species investigated without such pre-treatment, 
13 exhibited variability in the differences; sometimes the upper surface and 
sometimes the under had the higher fluidity value. In the majority of cases, 
however, the fluidity was greater in the cells on the under surface of the leaf. 

The differences between the two surfaces also undergoes changes with 
time, e.g. in the course of a day. It may also differ in leaves inserted at 
various levels on the stem. It is sometimes greatest in the leaves at the base, 
diminishing and disappearing with a rise in the level of insertion. In other 
cases it is greatest in the leaves in the middle of the stem. One of the reasons 
for all these variations is the following. Under natural conditions, the proto- 
plasmic fluidity is not constant, but exhibits fluctuations of the same nature 
as those occurring in Helodea canadensis, and that have been described 
earlier (Stalfelt 1946). 

The different parts of the leaf exhibit both similarities and dissimilarities. 
Similarities are found between the two halves of the leaf, divided by the 
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Table 2. Achillea millefolium. — The fluidity, cell volume (mean of 20 cells), and diameter 
of the chloroplasts (mean of 20 chloroplasts) in two leaves (A and B). Comparison between 
the cells in the margin of the leaf and the cells in the middle of the leaf (close to the 


midrib). 

oe Cell volume (p?)| Diameter of chloroplasts | 
Part of the leaf | Fluidity near near (micrometer grading) near 
Margin n/10| Midrib n/10| Margin | Midrib Margin Midrib | 
Leaf A a ‘ | 
Apex (leaflet 2) ... 0 5 26,400 | 25,200 43.5 41.5 | 
Middle (leaflet 18) 0 8 33,500 | 31,000 | 

Base (leaflet 26) .. 0 8 23,000 | 20,300) 


Leaf B 


Apex (leaflet 2) ... 0 7 50,000 | 44,200 48.5 482 | 

Middle (leaflet 18) 0 10 25,600 | 26,400 48.4 48.5 | 
Base (leaflet 26) .. 0 6 42,500 | 42,500) 49 49.5 

| 

Total 0 | 44 201,000 | 189,600 15910 ana | 

Mean 0 | 7.3 33,500 | 31,600| 17.30] 46.9 | 


midrib. Those parts opposite to each other on either side of the midrib are 
uniform with regard to the fluidity of the protoplasm. This is most evident in 
pinnately compound or bipinnately compound leaves, e.g. in Vicia sepium 
and Achillea millefolium. Such leaves are therefore particularly suitable as 
experimental objects; an advantage is that the entire leaflets and small leaves 
can be used as specimens. Removal of a specimen therefore involves no other 
intervention than severing of the petiole of the small leaflets. 

The peripheral and central parts of the leaf, on the contrary, show dis- 
similarities, since there is a decrease in the fluidity from the region of the 
midrib towards the margin. The fluidity in the marginal cells around the 
whole leaf surface is lower than in the parts closer to the midrib (Table 2). 

Some relation between the venation and the protoplasmic fluidity is evi- 
denced by the fact that, in some species, the fluidity is greatest in the cells 
covering the vascular bundles. In some cases, as in Chelidonium majus, the 
centrifuged chloroplasts form a pattern of the net venation of the leaf. This 
is provided that the centrifugal force or the centrifugation time used allows 
the difference between these cells and the other parenchymal cells to appear. 
This difference indicates the existence of a functional differentiation between 
the two forms of cells. 

A gradient is also found in the longitudinal direction of the leaf. The fluidity 
decreases from the leaf base towards the apex. Figure 3 shows the fluidity 
values in a leaf of Achillea, in which determinations were also made of the 
cell volume (subepidermal chlorenchyma cells) and of the diameter of the 
chloroplasts. The fluidity values for 5 leaves and the mean values calculated 
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Figure 3. The relation between the fluidity of the protoplasm and the distance of the cells 
from the base of the leaf. Abscissa: Number of the leaflet counted from the apex of the 
leaf. Ordinate: Relative value of the fluidity (in °/o), diameter of the chloroplasts (in fifths 


of a u, mean of 20 chloroplasts) and cell volume (in thousandths u?, mean of 20 cells). — 
Centrifugal force 1700 g. Achillea millefolium. 


from them are recorded in Figure 4. Leaves that had remained in darkness 
and in saturated moisture for two days were used for the determinations. 
All the specimens from the individual leaf were taken concurrently. 
Differences in the viscosity in various parts of the leaf have been demon- 
strated earlier in a few cases. Mender (1938) made a study on Bryum capil- 
lare; she stated that the protoplasmic viscosity increased (i.e., the fluidity 
decreased) from the leaf apex towards the base. Reuter (1941) noted higher 
protoplasmic viscosity (lower fluidity) in the epidermal cells in the margin 
of the leaf than in the other epidermal cells. On the other hand, no other 
differences between the various parts of the leaf were found. This is pre- 
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Figure 4. The relation between the fluidity of the protoplasm and the distance of the cells 

from the base of the leaf. Abscissa. Number of the leaflet counted from the apex of the 

leaf. Ordinate: Relative value of the fluidity. — A—E=values of 5 leaves and their mean 
value (thick line). Centrifugal force 1700 g. Achillea millefolium. 


sumably to be ascribed to the fact that Reuter used the plasmolysis technique, 
which is not as sensitive as the centrifuge method. The advantage of the 
former is that it can be used for all kinds of specimens and that its use per- 
mits comparisons of the viscosity even in cells with high values. It is, how- 
ever, comparatively slow and its sensitivity is less than that of the centri- 
fuge method. It is true that the latter method can be used only for cells of 
which the particles can be centrifuged and, presumably, only for species in 
which the protoplasmic viscosity is not excessively high. On the other hand, 
it is more sensitive and is sufficiently rapid to permit a survey of the whole 
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Figure 5. The relation between the fluidity of the protoplasm and the insertion of the leaf. 

Abscissa: Number of the leaf counted from the apex of the stem. Ordinate: Relative value 

of the fluidity (in °/o), diameter (in fifths of a u) of the chloroplasts (mean of 20 chloro- 
plasts) and weight of the leaf (mg). — Centrifugal force 3400 g. Linum usitatissimum. 


leaf at a given moment. Consequently, the centrifuge method is a complement 
to the plasmolytical methods. 

On the whole, the differences in the viscosity of different parts of the leaf 
are parallel to the differences in the osmotic values; this has been demon- 
strated by Iljin (1929) in the leaves of several species. In leaves which had 
been suffering from a water deficit, the osmotic value increased from the 
base towards the apex, and from the midrib towards the margin of the leaf. 
Iljin ascribed these differences to the distance from the vascular bundles. 
Comparisons of the same nature have been made by other workers (Moder 
1932. Mender 1938, Reuter 1941, and Will-Richter 1949) but the results are 
not uniform. This may possibly be dependent on the fact that the experi- 
mental objects were not exposed to the effect of a sufficiently great water 
deficit. According to Iljin (1929) the differences in question are not always 
apparent in specimens given an adequate supply of water and moisture. 

The insertion of the leaf on the stem at the various sites is associated with 


366 M. G. STÄLFELT 


See A > Eee 


ey 


Ya \ 


Stem tip Number of leaves Stem base 


Figure 6. The relation between the fluidity of the protoplasm and the insertion of the leaf. 
Cell volume in thousandths uw’. Abscissa and ordinate: see Figure 5. — Centrifugal force 
1600 g. Saponaria calabrica. 


differences with regard to age, size and water deficit (Rouschal 1940, Beiler 
1945) and the osmotic value (Iljin 1929, Herrick 1933, Beiler 1945). It can 
therefore be expected that the protoplasmic viscosity will also exhibit dif- 
ferences, particularly since it undergoes changes in relation to certain of the 


aforementioned factors, e.g. the osmotic value and the function (Seifriz and 
Pollak 1949). 


The relation between the protoplasmic viscosity and the age of the cell has 
been the object of several investigations, but the results are to some extent 
contradictory (Fischer 1950). This is probably due to the heterogeneity of 
the features of aging. For example, aging of a leaf may result in changes 
in several features, such as differentiation, maturity, function, suction power, 
previous history with regard to the water deficit, and the degree of destruc- 
tion. These factors may each influence the viscosity and then either co-operate 
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Figure 7. The relation between the fluidity of the protoplasm and the insertion of the leaf. 
Abscissa and ordinate: see Figure 5. — Centrifugal force 3400 g. Vicia sepium. 


with or counteract each other. Consequently, the change in the viscosity 
cannot be expected to run parallel to the age. 

In the present investigation on the relation between the insertion of the 
leaf and the protoplasmic fluidity, use was made of both few-leaved and 
many-leaved species. In the latter instance, only every second or third leaf 
on the stem was studied. In some species, determinations were also made of 
the diameter of the chloroplasts and the volume of the cell, as already 
described. 

The highest values for the fluidity were consistently found in the middle 
leaves, or in the lowest, still entirely vital leaves. Those inserted more basally 
on the stem, and in which destruction had already started, were characterized 
by decreased and fluctuating values for the fluidity. The decrease occurred 
concurrently with the first signs of destruction (e.g. yellow patches, attacks 
by fungi or damage by insects). Sometimes it appeared earlier, i.e., in the 
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leaf or leaves inserted immediately above the injured leaf, but still lacking 
outward signs of incipient destruction. Thus, the first stage of the destruction 
seems to be of a protoplasmic nature. The change in the state of the proto- 
plasm is the primary feature, and is succeeded by those processes of destruc- 
tion which are manifested in external features. 


In many-leaved species such as Linum usitatissimum, the phase of destruc- 
tion is represented by a number of leaves (Figure 5). In other cases, destruc- 
tion occurs in only a few leaves simultaneously (Figures 6, 7). Owing to 
these discrepancies, the basal leaves are unsuitable experimental objects, if 
the investigation is concerned with vital and normally functioning cells. For 
this reason, such leaves were not, as a rule, included in the present in- 
vestigation. 


In the young leaves at the apex, the fluidity of the protoplasm was low but 
increased successively with a more basal insertion of the leaves. Only the 
youngest, apical leaves formed an exception, in that the fluidity of their 
protoplasm was greater than in the leaves immediately below them and thus 
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Figure 9. The relation between the fluidity of the protoplasm and the insertion of the leaf. 
Abscissa: Number of leaf counted from the apex of the stem. — A=Convolvulus arvensis. 
Centrifugal force 1300 g. B=Capsella bursa pastoris. Centrifugal force 1300 g. 


older (e.g. Fig. 9). This difference is presumably associated with the develop- 
ment of the organ. These apical leaves were generally not included in the 
experimental series. 


Discussion 


It is evident from the investigation that the determination of the proto- 
plasmic fluidity is dependent on several variable factors, i.e., 

1. The water deficit, which decreases the fluidity. Even a deficit of 5 per 
cent produces marked changes ( Figures 1, 2). 
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Consequently, the current value for the fluidity is dependent on the previous 
history of the plant. Under natural conditions, a plant is exposed daily to a 
water deficit and changes in this deficit and to the resulting changes in the 
composition and concentration of the osmotically active substance. 

2. The specific gravity of the chloroplasts, which presumably changes in 
relation to the starch content. 

3. The size of the chloroplasts, which is not entirely constant. These 
changes are not, however, reflected in the value for the centrifugation time. 
This is probably because they are small in relation to the variations in other 
factors and are therefore masked by them (Table 2, Figures 3, 5—8). 

4. The volume of the cell, which varies in the individual species and in 
the individual organ, but which does not appear to influence the result of 
the centrifugation (Figures 3, 6—8). 

5. Variations which are produced by illumination and that have been 
described previously (Stalfelt 1945, 1946). 

It may also be inferred from the investigation that the disturbing effects 
of these variables may be entirely or partly eliminated by suitable pre-treat- 
ment of the specimen, i.e., by keeping it in darkness and saturated moisture 
for a certain period. A further measure is to protect the specimen from 
changes in the water balance during the experiment; this is done most simply 
by placing it in liquid paraffin. In certain cases, i.e., in objects highly sensi- 
tive to light, it may be necessary to perform centrifugation in the dark. If 
these rules are observed, the greater part of the changes shown in the centri- 
fugation values is eliminated. The following differences between the different 
parts of the individual leaf and between different leaves on the same plant 
are then apparent: 

1. Asa rule, the fluidity of the protoplasm is not the same in the cells on 
the upper and under surface of the leaf. It has not, however, proved possible 
to demonstrate any definite relation between them. If such a relation exists, 
it is probably labile and subject to variations (Table 1). 

2. The fluidity increases from the apex to the base of the leaf and from 
the margin to the midrib (Figures 3, 4, Table 2). It also shows a definite 
but not yet fully elucidated relation to the vascular bundles of the leaf. 

3. The values for the fluidity are identical in homologous parts of the 
two halves of the leaf on either side of the midrib. In a pinnately compound 
leaf, the protoplasmic fluidity is always the same in two leaflets inserted 
opposite to each other. Such objects are therefore particularly suitable for 
comparative investigations. 

4. According to Seifriz and Pollak (1949), the viscosity of the proto- 
plasm varies with the physical and physiological activity, it being lowest 
when the activity is greatest. The leaf appears to follow this rule. Its proto- 
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plasmic fluidity varies in relation to the insertion and activity (Figures 5—9). 
it is greatest in the fully grown leaves (usually the middle leaves on the stem 
or shoot). It is lower in leaves inserted higher up and also decreases with a 
basal insertion. These changes are presumably associated with the develop- 
ment and function of the leaf. 

These differences in the individual plant are of some consequence for the 
determinations and comparisons of the viscosity and other properties of the 
protoplasm. Therefore, for comparative purposes, the specimens must be 
taken from homologous parts of the leaf and from corresponding leaves on 
the stem. 

The centrifuge method is rapid and permits the simultaneous investiga- 
tion of a large number of cells. With its use, it is possible to make 
comparisons between whole organs or parts of organs, e.g. between several 
leaves on the same plant or on different plants. If pre-treatment and removal 
of the specimens are performed in such a way as to eliminate irregularities 
due to the effects of light and of the water deficit, the centrifuge method is 
also extremely sensitive. The same experience was reported by Ruge (1940). 
The method is therefore a complement to such measuring techniques of which 
the application is limited to a few cells or to parts of an individual cell. 

If the present results are compared with those of earlier investigations on 
these problems, the following is found: 

The differences between the fluidity in the fully developed, normal middle 
leaves and in those immediately adjacent to them are in conformity with 
those found by Reuter (1941) in the individual leaf during development, 
i.e., low fluidity values in the young leaf, higher in the mature leaf, and 
once more lower in the yellowing leaf. The fact that the fluidity may be 
lower in the basal leaves than in the younger leaves with a higher insertion 
was also demonstrated by Béhlehradek (1925, cit. by Seifriz 1952). On the 
other hand, Fischer (1949) stated that the viscosity of the protoplasm in the 
leaf cells usually decreases with rising age. The relation between the age 
and the state of the protoplasm therefore seems to be irregular. This must 
presumably be ascribed to the fact that the protoplasm is influenced in dif- 
ferent directions by several factors, which undergo a change with the age of 
the organ. 

The fluidity values in the different leaves on the stem found in the pre- 
sent investigations, as well as the course of these values, are in agreement 
with earlier studies on the water deficit. Rouschal (1940) found a greater 
water deficit in the apical than in the basal leaves of Impatiens parviflora. 
Beiler (1945) noted similar results in Pisum sativum. The leaves that had 
started to turn yellow, i.e., the lowest and oldest leaves, formed an exception; 
their deficit was higher and also irregular. Another exception was the upper- 
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most leaf; its water deficit was less than that of the leaf inserted immediately 
below it. 

The osmotic value, on the contrary, is only partly in conformity with the 
protoplasmic fluidity in its dependence on the level of insertion. Herrick 
(1933) found in Ambrosia trifida that the osmotic pressure was lower in the 
basal than in the apical leaves. The uppermost apical leaf sometimes formed 
an exception, in that its osmotic pressure was lower than that of the leaf 
inserted immediately below it. There was also a relation to the age of the 
leaf, but this pointed to some extent in the opposite direction, since the value 
rose during the maturation of the leaf of internode and fell when the leaf 
became older. Similar results were obtained by Ijin (1929), who studied the 
leaf rosettes of several species. He found a change in the osmotic value with 
the development of the leaf; it was lowest in the young leaf, rose to a maxi- 
mum in the mature leaf and fell once more in the aging leaves. These dif- 
ferences were, however, apparent only after the leaf had suffered from a 
water deficit, or when the apical leaves were exposed to greater transpira- 
tion than the basal leaves. Finally, it may be inferred from the investigations 
of several workers (Iljin 1929, Rouschal 1940, Beiler 1945) that the osmotic 
value is variable and irregular in the oldest leaves. 


The comparison shows that the water deficit in different leaves on the 
same plant takes place in such a way that it is in fairly good agreement with 
the fluidity of the protoplasm. The osmotic pressure, on the contrary, shows 
little relation to this fluidity. The experiments confirm the conclusion reached 
by Schmidt, Diwald and Stocker (1940), i.e., that the protoplasmic viscosity 
is not in direct relation to the osmotic value and that, consequently, it is 
not an expression only of the changes in the osmotic state of the protoplasm. 
That the viscosity is strikingly independent of the osmotic value is also 
evident from the investigation of Pirson and Seidel (1950). 


Summary 


Using the centrifuge method, an investigation is made of the fluidity in the 
protoplasm of cells in the leaves of terrestrial plants. 


The fluidity is found to show a relatively high sensitivity to the water 
balance of the cells. Even a water deficit of 5 per cent (calculated on the 


water content of the leaf at saturation) results in a marked decrease in the 
centrifugation value. 3 


The protoplasmic fluidity increases from the apex of the leaf towards the 
base, and from the margin of the leaf to the midrib. On the other hand, the 
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fluidity is found to be the same in homologous parts of the leaf on either 
side of the midrib. 

As a rule, the fluidity is found to differ in the upper and under surface of 
the leaf, but the differences are variable. 

The fiuidity is greatest in the fully grown leaf (usually the middle remaining 
leaves on the stem) and decreases both apically and basally. Changes are 
found in the fluidity in the lowest leaves on the stem; they are associated 
with the processes of destruction at this site. A decrease in the fluidity can 
sometimes be noted earlier than the outward signs of destruction (e.g. yellow 
patches, attacks by fungi). This is interpreted as an indication that destruc- 
tion starts with a change in the state of the protoplasm. 
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A cytochrome specific to chloroplasts was discovered by Hill and Scaris- 
brick (1951; Davenport and Hill 1952, Davenport 1952). This cytochrome / 
shows similarities to cytochrome c, e.g. resistence against autoxidation and 
carbon monoxide, and its a-band has a position near to the a-band of cyto- 
chrome c (555 mu according to Hill). The cytochrome f is widely distributed 
in chloroplasts of higher plants and algae (e.g. Chlorella). Little has been 
reported of its possible participation in the photosynthesis, but Hill points to 
the fact that its concentration more closely follows the chlorophyll content than 
the percentage of the other cytochromes which are claimed to act in the bulk 
of the protoplasm or in mitochondria and to conduct the aerobic respiration 
(cf. Lundegardh 1953, 1954). 

The very sensitive and rapidly working recording spectrophotometer built 
in this laboratory for the study of the cytochrome system in the living plant 
tissues enables a more precise observation of cytochrome f than visual spec- 
troscopy does. Suspensions of Chlorella pyrenoides, intact leaves and homo- 
genates of leaves of wheat seedlings were spectrophotometrically analysed 
in the dark and after illumination. The computation of difference spectra 
(ox/red spectrograms; see Lundegardh 1951, 1953 a) is a useful tool in 
investigating changes in the oxidation-reduction balance of the individual 
cytochromes. In order to record rapid changes the suspensions were moved 
through the quartz recipient of the spectrophotometer from vessels outside 
of the housing in which the instrument is enclosed (see figure 1). If one of 
the reservoirs is illuminated by a strong lamp and its contents are then 
rapidly forced through the quartz recipient the change in spectrum can be 


[375] 


376 H. LUNDEGÄRDH 


Figure 1. Scheme of the cuvette arrangement. R=the recipient (a quartz tube of 16 mım. 

diameter). Cı and Cy two reservoirs connected to R for rapid interchange of the sample 

in the recipient. W and L heat absorbing tube and lamp for the illumination of Cy. B clamp. 

Q quartz condensor for the beam from the monochromator Mch. PT the photomultiplier 
tube. Mch, Q, R, and PT are enclosed in a dark housing. 


recorded in a few seconds, if the observation is restricted to the region of the 
a-bands, viz. the interval 540—570 mu. Rapid work is important for measuring 
of the after-effect of illumination. The completely reduced spectrum of all 
cytochromes may be observed after the addition of a small quantity of 
ascorbic acid to the suspension. This substance reduces both the respiratory 
cytochrome system and cytochrome f in vivo. 

A crude homogenate of wheat leaves, as well as intact leaves, shows the 
reduced bands of the cytochromes f, b, and dh (=succinodehydrogenase; 
Lundegärdh 1954 b) after the addition of ascorbic acid (figure 2). The bands 
are of about equal height, but the peak of cytochrome f is located one or 


1 Figure 2. Ox/red spectrum (e reduced minus ¢ oxidized) 
of green leaves of wheat tightly packed in the recipient. 
The gases (No or O2) were conducted through the recipient 
during the experiment. 
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Figure 3. Ox/red spectrum (ascorbic acid—nutrient solu- 1 
tion) of a suspension of Chlorella pyrenoidosa showing 
the completely reduced bands of the cytochromes c and f. 
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two mu more to the red than in the preparations of Hill and Davenport 
(peak at 556—557 mu instead of 555 mp). Also in living cells of Chlorella 
the peak of cytochrome f appears at 556 mu. There is no doubt that this 
peak corresponds to Hill’s enzyme because its oxidation-reduction equi- 
librium responds reversely to the cytochrome system at illumination. 

The quantity of cytochrome f in wheat leaves was compared with the 
quantity of chlorophyll. The molar ratio (one mole of f assumed to contain 
Chlorophyll 
Cytochrome f 
be about 400. But the quantities of cytochrome f are not so very different 
from the concentration of the other cytochromes as believed by Hill (see Hill 
and Hartree 1953, p. 124). Davenport and Hill claim a concentration of 
cytochrome / in leaves of parsley and elder of 1.7—2.4 umol Xkg.~!. In the 
roots of wheat cytochrome b amounts to 2.46 umol Xkg.~? (Lundegärdh 1953, 
p. 134), and leaves show figures of similar magnitude. Also in the leaves the 
quantities of cytochromes f and b are of a similar magnitude. 

Chlorella contains the cytochromes b and c, too, the latter apparently in 
larger concentration than in higher plants. Because of the more convenient 
handling of Chlorella cultures this plant was tested with regard to the reac- 
tions to illumination. 

At illumination the oxidation-reduction balance of cytochrome f-is moved 
far to the side of oxidation, whereas the band of cytochrome b remains at 
about the same height as in the dark or possibly moves somewhat in direc- 
tion of an increased reduction. Quantitative measurements have not yet been 


one mole Fe) amounted to =380. Hill determined the ratio to 
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4 
3 Figure 4. Ox/red spectrum of Chlorella showing the reac- 
tion of cytochrome f on a change from darkness to light. 
SL B=spectrum of the illuminated suspension minus spec- 
trum of the same suspension in darkness, showing the 
| increasing oxidation in light. A=spectrum of the same 
1 solution held in darkness for half an hour minus spectrum 


of the illuminated suspension, showing the increasing re- 
duction in darkness. 
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made on the displacement of the oxidation-reduction balance, but the preli- 
minary observations may be summarized in the following table: 


Position of the oxidation-reduction balance of cytochromes in Chlorella. 


| Conditions Cytochrome / Cytochrome b 

Darkness weakly reduced weakly reduced | 
| Light Strongly oxidized moderately reduced | 
| Ascorbic acid strongly reduced | strongly reduced 


As to the possible mechanism of a participation of cytochrome f in the 
chain of reduction proceeding in illuminated chloroplats it may per analo- 
giam be mentioned that the multiple balance between succinodehydrogenase. 
cytochrome b, and to some extent cytochrome c is shown to be reversible 
(Slater 1949, Lundegärdh 1953, p. 119): 
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(1) [Cytochrome ce € Slater factor] = Cytochrome b £ Cytochrome dh 


Under normal working conditions in the living tissue electrons are moving 
from cytochrome dh to b, from b to c, etc. to oxygen viz. the system is working 
as a mechanism of oxidation, removing electrons from an H-donor, in this 
case succinate which is oxidized to fumarate. If we are omitting the single 
links of the chain the reaction with succinate can be written as follows: 


Ze HOOC 
| 
HCH HC 
2) | +2Fettt2Z | +2 Fe**-+2H*+Energy 
HCH HE 
| | 
HOOC HOOC 
Succinic acid Fumaric acid 


In the presence of succinate the balance is moved to the right if fumarate 
is removed sufficiently fast from the place of reaction. If the concentration 
of fumarate is considerably raised e.g. by the addition of 0.1 m fumarate al 
pH 3.2 the balance is reversed and succinic acid is synthesized. Cytochrome 
dh (=the succinodehydrogenase) is now acting in a mechanism of reduction. 
The energy needed is supplied from the concentration gradients. The process 
can be conveniently watched by recording the decreasing level of reduction 
of the cytochromes in question (Lundegärdh 1953 a) and it proceeds in- 
dependently of the cytochrome oxidase, viz. both in the absence and the 
presence of cyanide. 


If we write the above formula in the following way 


(3) A-H,+2Fettt 2A+Fet++2 Ht-+Energy 


it may serve as a possible model ‘of the action of cytochrome } in the chloro- 
plasts. A is a hydrogen acceptor and Fe represents cytochrome /, or alter- 
natively a special cytochrome system in which / is one of the links. The 
energy for the backwards going transference of electrons would in this case 
be delivered by the light. Illumination would turn over more of cytochrome / 
in the oxidized state, in agreement with the observations. 

It may, however, be emphasized that energy for a conversion of the stream 
of electrons in a cytochrome system may: be delivered by high energy phos- 
phate, too. Also in this case one example is given by the respiratory system. 
It was observed that treatment with dinitrophenol (DNP) turns over cyto- 
chrome b in a more oxidized state probably because the reduction is linked 
to phosphorylation and DNP inhibits this process. Antimycin A (Dunshee 
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et al. 1949) which has been tested in a series of unpublished experiments ! 
also uncouples cytochrome b from oxidation (according to van Potter 
and Reif, 1952, antimycin A inhibits the transport of electrons to the 
Slater factor). A further series of unpublished experiments showed an in- 
creasing oxidation of the group b—dh in the absence of any inhibitor but 
after the addition of ATP. It is therefore likely to assume that the electron 
transference from succinate to dh and/or from dh to b, viz. the oxidation of 
succinate, feeds a system synthesizing ATP, tentatively according to the equa- 
tion (See Lundegardh 1954 a) : 


4 Succinate +2 Fe+*+*++ADP+H,PO, = 
5 Fumarate £2 Fe Por 0 

The system acts in the reversed way, viz. as a mechanism of reduction, if 
the concentration of ATP is sufficiently raised. 


Because the respiratory cytochrome system is thus actually shown to 
be able to work as a mechanism of reduction, running on energy delivered 
by concentration gradients or by ATP, it is feasible to assume that radiant 
energy transformed into chemical energy may oxidize cytochrome / or 
alternatively a special cytochrome system connected to the chloroplasts and 
thus create a pool of chemically accessible hydrogen required for up-hill 
reactions in the »path of carbon». Our knowledge of the path of carbon is 
making considerable progress (see Calvin 1951, 1953) but we still know 
very little of the »path of hydrogen» in the photosynthesis. The equations 
(3) and (4) may serve as a guide to a possible approach to this problem. 


It may finally be pointed to another circumstance supporting the idea of 
an electron transference mediated by cytochrome in the chloroplasts. 
Gorham and Clendenning (1952) arrived at the conclusion that the photo- 
chemical activity of isolated chloroplasts is promoted by the presence of 
salt anions. It has been shown (Lundegardh 1953b) that anions act as 
coenzyme in the electron transference between cytochrome oxidase and 
oxygen and probably also between the cytochromes themselves. If mobile 
anions are removed from the surroundings of the cytochrome oxidase the 
transference of electrons is stopped, obviously because the displacement of 
electrical energy must be compensated by an equivalent transference in the 
opposite direction, viz. anions exchanged for electrons. Most plant cells 
utilize this coenzymatic activity of mobile anions for an active transport 
of salts (theory of anion respiration). The observations of Gorham and 


* I am indepted to Dr. F. M. Strong, The University of Wisconsin, for a sample of this 
antibiotic. 


ON THE OXIDATION OF CYTOCHROME F BY LIGHT 381 


Clendenning together with earlier findings of Warburg on the activity of 
chloride in photosynthesis now point to the existence of similar coenzymatic 
effects of anions in the chloroplasts. It is feasible to assume that the anions 
are needed in order to assist the electron transference in a system in which 
cytochrome f is involved. 

One theoretical obstacle in applying one of the schemes (3) or (4) to the 
building up of a reservoir of reduction in the chloroplast is the origin of the 
protons. It cannot be assumed that these are fetched from the surroundings 
of the system without a simultaneous production of hydrogen peroxide from 
OH groups. This brings us back to previous ideas of catalase participating 
in the liberation of oxygen. But most modern investigators of photosynthesis 
reject the view that catalase can be concerned in the liberation of oxygen 
(Rabinowitch 1945, Tamiya and Huzisige 1949). All experiments dealing 
with these questions were made by means of inhibitors, however, and several 
hemin enzymes respond to the same inhibitor, e.g. cyanide. Only refined 
spectrophotometrical measurements, including the effect of inhibitors and 
the formation of enzyme complexes, can in the writer's opinion bring these 
problems to a more definite solution. 

A second theoretical obstacle is the high oxidation-reduction potential 
claimed for cytochrome f (+0.365 V. at pH 6.0 to 7.7, according to Daven- 
port and Hill). In analogy with the power of reduction which under special 
conditions can be exerted by the b—dh system in the respiration it ought to 
be expected that a reducing system in the chloroplasts is preferably working 
at a moderate height of the oxidation-reduction potential state. The potentials 
of b and dh are not known but it was concluded from the states observed 
in the living system (Lundegardh 1953 a, 1954 b) that the potential of b is 
about +0.14 V. and that of dh near to zero. Two circumstances have to be 
considered here, namely the possibility that cytochrome f is only one of 
the links in a reducing system containing also a component of lower potential 
state, and the second possibility that the system actually works under a local 
pH (or pH, according to Ogston 1947) which considerably deviates from 
that stipulated for the high potential of cytochrome f. As a matter of fact 
Davenport and Hill found a potential of only —0.06 V. at a slightly alkaline 
reaction indicating the presence of a basic dissociating group in cytochrome f. 
The importance of pHs, which may considerably deviate from the actual 
pH observed in the protoplasm, is a fact of general bearing and has to be 
considered in all attempts to apply simple biochemical observations on the 
enzyme systems in the living cell which according to the spatial arrangement 
of the structually anchored systems are well prepared to create their own 


activity of protons. 
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Summary 


The state of reduction of cytochrome / was studied spectrophotometrically 
in suspensions of Chlorella and in leaves and homogenates of leaves of 
wheat. At illumination cytochrome f is predominantly oxidized, in darkness 
it is predominantly reduced. The oxidation-reduction balance of cytochro- 
mes c and b are not affected by light. The preliminary results were discussed 
on the basis of an observed reversal of the path of electrons in the respiratory 
cytochrome system. 
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L'étude présentée ici complète celle qui a été précédemment consacrée à 
l'action du glycocolle sur le développement in vitro des colonies prothallien- 
nes de Gymnogramme calomelanos (10, 11). 


Techniques 


Les techniques de culture ont été décrites antérieurement (10, 11). Les colonies 
prothalliennes de Gymnogramme calomelanos ont proliféré sur le milieu de Knop 
normal privé d'azote minéral et additionné de l’un des quatre acides aminés suivants: 
DL-a-alanine, DL-valine, L(—)-leucine et DL-sérine. Les observations ont été faites au 
45° jour postérieur à celui du repiquage; pour chaque concentration, elles ont porté 
sur 10 à 24 cultures (étude de la croissance) et une cinquantaine de prothalles (étude 
de leurs caractères sexuels et dimensionnels). Les colonies-témoins ont été-cultivées 
sur le milieu de Knop (10,94 milli-atomes grammes d'azote NO, ). 


Données expérimentales 


A. Nombre de repiquages supportés par les cultures 


Des 4 acides aminés utilisés, deux seulement (leucine et sérine) permettent 
aux cultures d'atteindre le 45° jour après le 6° repiquage. En présence d’ala- 
nine et de valine, celles-ci meurent à la suite du 3° repiquage. En tant que 
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Figure 1. Accroissement pondéral en 45 jours des colonies prothalliennes pourvues en 
DL-a-alanine. 


source unique d’azote pour la prolifération in vitro de leurs prothalles, la 
leucine et la sérine sont donc mieux tolérées par les colonies que l’alanine et 
la valine. 


B. Cultures du dernier repiquage possible 


On étudiera ci-apres les cultures de 3° repiquage (alanine ou valine) ou de 
6° repiquage (leucine ou sérine). 


I. Morphologie générale des cultures 


Entre 0,5 et 5 milli-molécules grammes de valine (en abrégé: mM/valine), 
les colonies prothalliennes de 45° jour sont de minuscules masses grisätres 
qui montrent sur leur surface supérieure quelques taches vertes représentant 
les zones prothalliennes vivantes. 

Entre 0,5 et 2 mM/alanine; 2 et 5 mM/leucine; 0,5 et 3 mM/sérine, les 
cultures, plus ou moins volumineuses suivant l’aminoacide qu’on leur four- 
nit, présentent toutes une méme structure d’ensemble: ce sont des masses 
subsphériques, tapissées de nombreux rhizoides entre lesquels on distingue 
quelques chetifs prothalles vert-jaunätre. 

En section, on peut y délimiter deux parties: a) une masse centrale, brune, 
compacte, imbibée de liquide nutritif et formée par l’agglomération de pro- 
thalles et de rhizoides nécrosés: c’est la »masse nécrosée centrale»; b) re- 
couvrant cette derniére, un trés mince tapis de prothalles jaunätres vivants 
enfouis dans une abondante toison de rhizoides. 
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Figure 2. Accroissement pondéral en 45 jours des colonies prothalliennes pourvues en 


L(—) -leucine. 


Pareille structure est celle précédemment décrite pour les cultures dites 
»aberrantes» (cultures à »masse nécrosée centrale») (9, 10, 12). Comme on 
ne l’observe que dans des conditions nutritives défectueuses, il est permis de 
dire que, méme lorsque les colonies prothalliennes sont volumineuses (c’est 
le cas par exemple de celles pourvues en alanine), les 4 acides aminés utilisés 
sont de mauvaises sources d’azote pour la croissance de leurs prothalles. Le 
poids élevé que ces cultures peuvent présenter n’est qu’une traduction de 
leur gigantisme, c’est-A-dire de leur caractere anormal; la présence, en leur 
sein, de la »masse nécrosée» en constitue une attestation morphologique. 


II. Accroissement ponderal des cultures 


L’accroissement pondéral moyen a été exprimé en poids brut (poids des prothalles 
et du liquide nutritif qu'ils immobilisent entre eux) et en poids net (poids des pro- 
poids net moyen 


thalles seuls). Le rapport a= poids brit Nasen été calculé. 

Au 45° jour suivant le 6° repiquage, les cultures alimentées en sérine sont 
beaucoup plus volumineuses que celles pourvues en leucine (fig. 2, 3). Quant 
à l’alanine, elle permet une croissance prothallienne beaucoup plus rapide 
que la valine, mais avec ces deux aminoacides, les cultures n’atteignent pas 
le 4° repiquage (fig. 1, 4). 

Quant au rapport a, il est peu élevé (fig. 1, 2, 3). La valeur 0,46 autour de 
laquelle il varie montre que le poids total des prothalles vivants et de la 
»masse nécrosée centrale» est inférieur à celui du liquide nutritif qu'ils 


retiennent. 
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Figure 3. Accroissement pondéral en 45 jours des colonies prothalliennes 


pourvues en DL-sérine. 


Enfin le calcul du coefficient de variation pondéral V,,=6,,/m (où o,, est 
l’ecart-type du poids net moyen m) conduit toujours à des valeurs assez 
élevées (supérieures a 0,20), ce qui montre que la croissance des cultures est 
assez irreguliere. 


Ces deux caractéristiques — rapport a réduit et variabilité pondérale 
élevée — sont propres aux cultures aberrantes (10, 12). 


III. Densité et proportions des prothalles 


1) A la surface des cultures, a-t-on vu (p. 384), proliferent peu de pro- 
thalles, mais un grand nombre de rhizoides. La densité prothallienne (fré- 
quence des prothalles par unité de surface de la colonie) est done toujours 
faible. 

2) D’autre part, l'observation microscopique montre que les prothalles 
filiformes sont, dans tous les cas, bien plus nombreux que les prothalles 
cordés. Sur les milieux à leucine par exemple, il y a en moyenne environ 12 
fois plus de filaments que de prothalles cordiformes. 


IV. Observation microscopique générale des prothalles 


Les prothalles cordés présentent les caractéristiques propres aux prothalles 
qui tapissent les cultures à »masse nécrosée centrale» (9, 11, 12): ce sont des 
lames épaisses, coriaces, d'un vert gris et couvertes de nombreux rhizoides 
enchevêtrés entre eux. Dans leurs cellules, les chloroplastes, boursouflés et 
Jaunatres, contiennent beaucoup d’amidon. Sur les milieux les plus riches 
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Figure 4. Comparaison des accroissements pondéraux en 45 jours des colonies prothallien- 
nes de 1er et de 3e repiquages pourvues en DL-a-alanine, DL-valine, L(—)-leucine ou DL-sérine. 


en acide aminé, ils sont souvent agglomérés autour du noyau cellulaire; 
cette disposition n'est pas de caractère plasmolytique, car, même après un 
séjour dans de l’eau distillée, ces cellules montrent les memes figures de 
groupement de leurs chloroplastes. La seule zone vivante de ces prothalles 
correspond à leurs parties distales. La, dans les cellules qui bordent l'échan- 
crure médiane, les chloroplastes, verts et assez nombreux, sont de dimensions 
normales. 

Les prothalles filamenteux, toujours nombreux, stériles et presque dé- 
pourvus de rhizoïdes, sont courts et fins. Les chloroplastes n'y sont abon- 
dants que dans les cellules apicales. 


V. Sexualité et dimensions des prothalles cordiformes 


L’allure d'ensemble des courbes de la sexualité et des dimensions pro- 
thalliennes est identique pour l’alanine, la valine et la sérine: à mesure que la 
concentration en ces acides aminés augmente dans les milieux nutritifs, on 
observe sur les prothalles une réduction des nombres moyens d’anthéridies 
ou d’archégones; de même leurs dimensions moyennes (longueur ou largeur) 
s’attenuent (fig. 5, 6, 7, 8). Plus la quantité d’aminoacide fourni aux pro- 
thalles est élevée, plus sa toxicité est forte, et plus le développement des 
4 caractères prothalliens mesurés se trouve inhibé. Même dans le cas où les 
courbes présentent un maximum (fig. 6, 8), celui-ci se situe au niveau des 
faibles concentrations en azote. 

Pour la leucine, les résultats sont différents. La fig. 7 montre en effet que 
la sexualité et les dimensions prothalliennes tendent à s’accroitre à mesure 
que les milieux s’enrichissent en acide aminé. On y voit d’ailleurs qu'au 1° 
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igure 9. Dertua ité et dimensions des prothalles cordi ormes au 45e Tour, Cultures pour- 
Le) : 
vues en DL-a-alanine. 


et au 3° repiquages, sexualité et dimensions sont maxima en présence d'assez 
fortes concentrations en leucine (7 à 12 mM), — concentrations que les pro- 
thalles ne peuvent cependant tolérer jusqu’au 6° repiquage. 

Notons enfin que, dans tous les cas sans exception, les anthéridies sont en 
plus grand nombre que les archégones; d’autre part, la longueur des pro- 
thalles est toujours supérieure A leur largeur. Sous l'effet des 4 aminoacides 
employés, les prothalles deviennent donc faiblement cordés (ils s’etirent en 
longueur) et présentent une sexualité anthéridiale prépondérante. Cette con- 
clusion est d’ailleurs quantitativement illustrée par le calcul des rapports 
__ nombre moyen d’antheridies __ longueur moyenne des prothalles 


O2 = = : et W3,,= - 
"nombre moyen d’archégones 4 largeur moyenne des prothalles 


Remarques. 1) Si, en ne considérant que les cultures de dernier repiquage (3° ou 
6° repiquages suivant l'acide aminé), on compare la grandeur des 4 caractères pro- 
thalliens mesurés, on s'assure que c'est en présence d’alanine ou de sérine que les 
prothalles ont les plus fortes dimensions et portent le plus grand nombre d’organes 
sexuels. Viennent ensuite, par ordre décroissant, la leucine et la valine. L’alanine 
serait donc lun des acides aminés les plus propices au développement des caractères 
prothalliens. Mais, du fait qu'il ne permet pas aux cultures de dépasser le 3° repi- 
quage, il semble plus indiqué de lui préférer, à cet égard, la sérine et même la 
leucine, qui, elles, autorisent la croissance des colonies au moins jusqu'au 6° repi- 
quage. 

2) Sauf pour la leucine, dans l’ensemble, les courbes traduisant les variations de 
la sexualité et des dimensions sont superposables à celles correspondant à la crois- 
sance: ce sont des courbes décroissantes à mesure que les milieux s’enrichissent en 
azote. I apparait donc que les plus faibles teneurs en acides aminés assurent à la 
fois le plus rapide accroissement pondéral des cultures et les plus fortes sexualités 
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Figure 6. Sexualité et dimensions des prothalles cordiformes au 45¢ jour. Cultures pour- 
vues en DL-valine. Mémes légendes que pour la figure 5. 


de leurs prothalles; ceux-ci ont alors des dimensions maximales. Pour la leucine au 
contraire, ce ne sont pas les mémes concentrations qui assurent le maximum simul- 
tanément pour la croissance, la sexualité et les dimensions prothalliennes. 


C. Comparaison des cultures de 1° repiquage et du dernier 
repiquage possible 
I. Généralités 


Les concentrations en acide aminé permettant aux cultures de 1° (R,) et 
de dernier (R, ou R,) repiquages d’atteindre le 45° jour sans mourir sont: 


: R, — 0,1 (au moins) à 13 mM 
os. de — 0,5 à 2 mM 
a pe — 0,5 (au moins) a 10 mM 
R, — 0,5 à 5 mM 
: [Ry —— 0,25 (au moins) à 17 mM 
leucine I ne. 
de R, — 0,1 (au moins) à 9 mM 
ive ne ni — 0,53 mM 


L'examen de ces valeurs montre que la zone de concentration en amino- 
acide que les cultures peuvent supporter se rétrécit A mesure qu’augmente le 
nombre de repiquages auxquels on les soumet. Pour chacun des 4 amino- 
acides, il existe donc, aprés chaque repiquage possible, d’étroites limites de 
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Figure 7. Sexualité et dimensions des prothalles cordiformes au 45e jour. Cultures pour- 
vues en L(—)-leucine. Mémes legendes que pour la figure 8. 


concentration entre lesquelles la proliferation est permise. En dehors de ces 
limites, les cultures se nécrosent sans atteindre le 45° jour. On peut expliquer 
ce fait en admettant que, pour les plus faibles concentrations en azote, les 
prothalles meurent par carence en azote et, pour les plus fortes concentra- 
tions, par intoxication. De toutes manieres, méme dans les meilleures condi- 
tions (croissance jusqu'au 6° repiquage), l’azote fourni est de faible valeur 
alimentaire, puisque les cultures sont toujours aberrantes. 

Quant à la structure des colonies, des le 45° jour suivant le 1°” repiquage, 
elle est anormale (»masse nécrosée centrale»). Des le début des expériences 
donc, les cultures répondent à la description qui en a été donnée ci-dessus 
(p. 384). 


Un fait doit être noté en ce qui concerne les cultures proliférant après le 1er repi- 
quage sur les milieux les plus riches en acide aminé (par exemple > 5 mM/serine ou 
alanine). Si l'on dissocie ces cultures, on s’apercoit qu’au 45° jour, les prothalles 
cordés qui les constituent sont presque exclusivement ceux appartenant à l’explantat 
originel, mais légèrement plus grands; seules de très rares excroissances adventives 
ont proliféré sur eux, contrairement à ce qui se passe lorsque les conditions nutri- 
tives sont meilleures (concentration en azote plus faible par exemple) (cf. 9). A fortes 
doses, sans arrêter complètement l'agrandissement des prothalles, les acides aminés 
considérés ici bloqueraient donc sur ces derniers la formation puis le développement 
des excroissances adventives (ébauches des futurs prothalles) 


II. Accroissement pondéral des cultures 


A mesure que s’additionnent les repiquages, le poids net moyen des cul- 
tures augmente ou tend à augmenter (fig. 1, 2, 3, 4); leur coefficient de 
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Figure 8. Sexualité et dimensions des prothalles cordiformes au 45e jour. Cultures pour- 
vues en DL-sérine. 


variation pondéral diminue ou tend a diminuer; sauf pour les cultures sur 
milieux à alanine, il en est de même pour le rapport a. 

Ces resultats montrent que, du 1° au dernier repiquages, les prothalles 
manifestent un effort d’accoutumance aux conditions nutritives qu'on leur 
offre: leur croissance devient plus rapide (poids net accru) et plus régulière 
(variabilité atténuée). Néanmoins cette prolifération accélérée des prothalles 
s’accompagne d'une nécrose, proportionnellement encore plus accélérée, de 
leur partie basale: la chute du rapport a signifie en effet que le volume relatif 
de la »masse nécrosée centrale» au sein de la culture s’accroit au détriment 
des parties superficielles vivantes. L’intensité des processus métaboliques 
qui aboutissent à la nécrose des tissus basaux des prothalles est donc plus 
accentuée après le dernier repiquage possible qu’à la suite du 1°. 

A cet égard l’alanine se comporte différemment de la leucine et de la 
sérine: entre le 1° et le 3° repiquages, elle permet à la croissance des cultures 
de s’accélérer et A leur »masse nécrosée centrale» de réduire son volume 
relatif (le rapport a augmente). Mais cette accoutumance est de bien courte 
durée: les cultures meurent aussitöt passé le 3° repiquage. 


III. Sexualité et dimensions des prothalles cordiformes 


Il ressort des fig. 5, 6, 7, 8 qu’a mesure que les repiquages s’additionnent, 
en présence des 4 acides aminés utilisés, la sexualité des prothalles s’atténue, 
de méme que leur largeur moyenne. Quant a la longueur, elle diminue dans 
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tous les cas sauf avec l’alanine qui en provoque l’accroissement. Sauf avec 
ce dernier aminoacide, la variabilite des caractéres prothalliens est plus élevée 
après le 1° repiquage qu'après le dernier: l’accoutumance des prothalles se 
traduit donc par une régularisation dans le développement des organes repro- 
ducteurs et des caractères dimensionnels. Avec l’alanine cependant, on trouve 
de ce point de vue un résultat inverse. 
Le calcul des rapports 
nombre moyen d’antheridies 


OP = EEE EU ees 
12° nombre moyen d’archegones 

longeur moyenne des prothalles 

(Er er er we : > : a 


largeur moyenne des prothalles 


permet de suivre les variations de la sexualité relative (@,;.) et des propor- 
tions dimensionelles (w2,) des prothalles. On constate ainsi que, sauf pour 
Valanine, entre le 1° et le dernier repiquages, la prépondérance de la sexualité 
anthéridiale sur la sexualité archégoniale s’accentue (w,, augmente). Cela 
confirme le fait connu depuis longtemps que la résistance des anthéridies 
aux mauvaises conditions nutritives est supérieure a celle des archégones. 

En présence d’alanine, @,;. n’augmente que pour les concentrations les 
plus faibles. Entre 2 et 5 mM, ce rapport diminue, indiquant que la sexualité 
archégoniale tend a se rapprocher de la sexualité anthéridiale. 

Quant aux dimensions relatives des prothalles, leurs variations s’orientent, 
entre le i°" et le dernier repiquages, dans des sens opposés suivant les acides 
aminés employés: en présence d’alanine et de valine, le rapport w:,, augmente, 
ce qui indique un étirement progressif des prothalles; en présence de leucine 
et de sérine, @3;, diminue ou tend à diminuer, traduisant ainsi une pré- 
pondérance atténuée de la longueur sur la largeur: les prothalles sont donc 
plus cordés après le 6° repiquage qu'après le 1°. 


D. Comparaison avec les prothalles-témoins 


L'alanine, la valine, la sérine et la leucine sont des sources d’azote de 
qualité trés inférieure A celle de l’azote minéral. En effet sur le milieu- 
témoin (milieu de Knop a 10,94 mA/azote NO,~) et méme en présence de 
concentrations en azote beaucoup plus élevées (par exemple 100 mA), les 
prothalles proliferent normalement au moins jusqu’au 6° repiquage (12). Or 
on a vu que la plus forte concentration en acide aminé que les prothalles 
tolerent jusqu’au 6° repiquage (quand ils peuvent l’atteindre!) est beaucoup 
moins élevée. D’autre part, alors que sur le milieu de Knop les cultures sont 


»normales», sans parties nécrosées, en présence des 4 acides aminés utilises, 
elles sont aberrantes. 
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Par ailleurs, le calcul montre que dans les cultures-témoins la proportion 
des prothalles filamenteux est beaucoup plus faible que dans les colonies 
pourvues en acide aminé. 

En ce qui concerne les caractères prothalliens, les valeurs-témoins de 6° 
repiquage sont: 


Nombre moyen d’anthéridies: 10,4 L 
Nombre moyen d’archégones: re ye a 
Longueur moyenne (en mm): 6,1 x 
Largeur moyenne (en mm): à gra — 18 


En les comparant avec celles qui illustrent les graphiques précédents, on 
s'assure que dans l'ensemble elles sont supérieures à ces dernières. Pour 
l'établissement de leur sexualité et de leurs dimensions, les prothalles pré- 
fèrent äonc l'azote minéral du milieu témoin à l’azote de l’un des 4 amino- 
acides utilisés. 

Enfin la comparaison des valeurs de la sexualité relative w,,, et des pro- 
portions dimensionelles w,/, montre que ces acides aminés renforcent la pré- 
pondérance quantitative de la sexualité anthéridiale sur la sexualité arché- 
goniale et tendent à diminuer le degré de »cordisation» des prothalles qui 
s’etirent en longueur. 


Discussion 


Des données qui précèdent, il ressort que l’alanine, la valine, la leucine et 
la sérine sont de mauvaises sources d'azote pour le développement in vitro 
des colonies prothalliennes. Non seulement sur deux d'entre ces aminoacides 
(l’alanine et la valine), les cultures ne peuvent atteindre le 4° repiquage, 
mais de plus, dans tous les cas, elles présentent dès le début des expériences 
une structure aberrante caractérisée par la présence en leur sein d’une 
»masse nécrosée centrale». L'examen à la fois qualitatif et quantitatif des 
cultures et des prothalles qui les constituent a montré que le développement 
des caractéres prothalliens (croissance, sexualité, dimensions, etc.) est dans 
l'ensemble d’autant moins intense que la concentration en acide aminé est 
plus élevée. Même s'ils peuvent constituer une source d’azote pour le déve- 
loppement des colonies (puisque celles-ci peuvent quand même atteindre le 
3e ou le 6° repiquages), ces acides aminés leur sont donc toxiques, et cela 
d'autant plus que leur concentration dans le milieu nutritif est plus élevée. 
Le rétrécissement progressif de la zone de concentration permettant la crois- 
sance prothallienne à mesure que s’additionnent les repiquages en esi une 
illustration frappante. On a vu, par ailleurs, qu’en leur présence, la propor- 
tion des prothalles filamenteux dans les colonies est fortement accrue; c'est 
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la une modification propre aux cultures proliferant dans de mauvaises con- 
ditions nutritives (12). 

Des 5 acides aminés aliphatiques étudiés jusqu’a present, le glycocolle 
apparait comme le moins toxique puisque, dans une zone de concentration 
comprise entre 1,5 et 5 mM, il permet une croissance normale des cultures. 
et cela jusqu’au 6° repiquage (10). 

En ce qui concerne la sexualité et les dimensions prothalliennes, la pré- 
dominance du glycocolle sur les 4 autres aminoacides en tant qu élément 
nutritif est attestée par la forte sexualité archégoniale qu'il permet (11). 
Avec l’alanine, la valine, la leucine et la sérine au contraire, celle-ci est faible 
ou nulle. Les archégones, étant beaucoup plus sensibles aux mauvaises con- 
ditions nutritives que les anthéridies, leur présence en grand nombre sur les 
»prothalles-glycocolle» traduit donc bien la faible toxicité de cet acide aminé. 
Quant aux autres caractères (nombre d’anthéridies, dimensions), ils pren- 
nent sur les »prothalles-alanine» ou les »prothalles-sérine» des valeurs égales 
ou supérieures à celles présentées par les »prothalles-glycocolle». 

Quoi qu'il en soit, dans tous les cas, qu'il s'agisse du glycocolle ou des 
4 autres aminoacides, l’azote qu'ils fournissent apparait nettement moins 
profitable au développement prothallien que celui présent dans le milieu- 
témoin (milieu de Knop à 10,94 mA/azote NO, ). 

Alimenté en acide aminé, le prothalle se comporte donc d’une manière 
comparable à celle des végétaux supérieurs. Pour ces derniers, en effet, si le 
glycocolle est le plus souvent utilisable comme source d’azote, il n’en va pas 
de méme en général pour les acides aminés a molécule plus longue et plus 
complexe; dans des cas assez nombreux cependant, l’alanine, le plus simple 
de ces acides aminés apres le glycocolle, n’est que faiblement inhibiteur de 
la croissance (3). 

Bien que l’alanine ait une importance considérable dans les processus lies de la 
protéogénése, des oxydations respiratoires et de la photosynthése (1, 2, 3, 4, 5, 13), 
son pouvoir inhibiteur du développement des prothalles n’est pas contradictoire de ce 
point de vue. On sait en effet que, dans la cellule en croissance, les acides aminés sont 
généralement transitoires du fait qu'ils s’y trouvent désaminés ou engagés dans une 
molécule protéique; la présence durable de ces acides aminés, et en particulier de 
alanine, dans le milieu de culture tend alors à déséquilibrer les rapports de con- 
centration entre les divers aminoacides intracellulaires nécessaires à la protéogénèse. 
Un excès permanent et inhabituel d’un acide aminé isolé révèle sa toxicité. Pour 


que cette dernière soit atténuée, il faut que l'acide aminé en question soit fourni en 
mélange avec d’autres acides aminés (6, 7, 8). 


Quant à la structure aberrante des colonies — présence de la »masse nécro- 


x 


see centrale» — on ne dispose à Vheure actuelle d’aucune donnée expéri- 


mentale propre à en rendre compte. Des considérations hypothétiques ont 
été présentées antérieurement à ce sujet (10). 
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1) Comme sources uniques d'azote, la L(—)-leucine et la DL-sérine permet- 
tent aux colonies prothalliennes de G. c. d’atteindre le 6° repiquage. En pré- 
sence de DL-a-alanine et de DL-valine, celles-ci meurent apres le 3° repiquage. 
Dans tous les cas, les cultures sont aberrantes (»masse nécrosée centrale» 
recouverte d'un mince tapis de prothalles vivants). 

2) L’accroissement pondéral en 45 jours des colonies prothalliennes est 
d'autant plus intense que la teneur des milieux en acide aminé est plus faible. 

3) Les 4 acides aminés utilisés augmentent le nombre de prothalles fila- 
menteux au détriment du nombre de prothalles cordiformes. 

4) Sauf avec la leucine, la sexualité et les dimensions prothalliennes sont 
d'autant plus réduites que la concentration des milieux en acides aminés esl 
plus forte. En présence de leucine, les résultats sont inverses. Dans tous les 
cas. les anthéridies se forment en plus grand nombre que les archégones el 
la longueur des prothalles prédomine sur leur largeur (prothalles faiblement 
cordés). 

5) Entre le 1‘* et le dernier repiquages, la zone de concentration en amino- 
acide permettant aux cultures d’atteindre le 45° jour se rétrécit. L’accoutu- 
mance des cultures à leurs conditions nutritives se traduit par une accelera- 
tion et une régularisation de leur croissance. Dans Vensemble, sexualité et 
dimensions prothalliennes diminuent et deviennent plus homogenes; sauf avec 
l'alanine, la prépondérance de la sexualité anthéridiale sur la sexualité arche- 
goniale s’accentue. 

6) Pour le développement des colonies prothalliennes, le glycocolle est une 
meilleure source d’azote que l’alanine, la valine, la leucine ou la sérine. Ces 
5 acides aminés sont cependant nettement inférieurs à cet égard à l'azote 
minéral du milieu-témoin (milieu de Knop à 10,94 mA/azote NO, 7). 
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Introduction 


Since the work of Cajlachjan (3) it has been verified that the leaves of 
plants are the primary perceptors of the photoperiodic stimulus. The effect 
of this environmental stimulus presumably lies in a biochemical reaction or 
reactions in the leaves during or immediately following the inductive treat- 
ment. Since most metabolic reactions are enzymatically controlled it appeared 
that a study of the effect of photoinductive cycles on some of the cofactors 
of enzymes might prove fruitful in a better understanding of the biochemical 
reactions which take place in the leaves during photoinduction. This study 
was conducted to determine the effect of photoinduction on some of the 
B-vitamins of photoperiod sensitive leaves. 


Materials and Methods 


Seeds of Wıntex barley, a long day plant, were planted in homogenized 
soil in flats in the greenhouse. When the second leaf was fully mature (15— 
20 days after planting) the plants were transferred to 18 hour days, in which 
natural daylengths were supplemented by artificial illumination of approxi- 
mately 150 foot candles for photoinduction. Short day conditions (9 hours 
of natural light) were made possible by use of a curtain which was opened 
each day at 8 A.M. and closed at 5 P.M. Night interruption was carried out 
by first giving the plants a day of 8 hours and applying one hour of light 
in the middle of the dark period, providing material comparable to the short 
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day treatment in hours of illumination and comparable to long day treat- 
ment in photoperiodic stimulus. Immediately after each group of plants had 
received its respective number of photoinductive cycles, the leaves were 
harvested for analysis. Plants which were to be brought to flowering were 
transferred back into short days for three weeks at which time the number 
of flower (spikelet) primordia induced was determined by microdissection. 

Only the mature leaves of the treated barley plants were used for analysis. 
Fresh weight samples of approximately 5 grams were prepared for analysis 
in the same manner as in a previous study (4). 

Sulfuric acid hydrolysis was accomplished by cutting the fresh tissue into 
small fragments and placing in glass ampules with 25 milliliters of the 
desired acid concentration. The ampule was sealed and autoclaved at 10 Ibs. 
pressure for one hour at 121 C. The hydrolysate was neutralized to pH 4.5 
with 0.5 N NaOH, filtered and made to volume after which it was stored 
and analysed in the same manner as those samples enzymatically extracted. 

Niacin, biotin, riboflavin, and pantothenic acid were determined by micro- 
biological assay methods as employed by Snell and Wright (16), Wright 
and Skeggs (21), Snell and Strong (15), and Skeggs and Wright (14), respec- 
tively, with slight modifications (1). Corrections for the amounts of the 
specific vitamin in the enzyme suspensions were made. Growth rate measure- 
ments were determined turbidimetrically after 24 hours at 650 mu. 

Triplicate determinations, usually at two levels, were made for each of at 
least 3 samples, and the mean value of these determinations was used in 
calculating the vitamin content on a per gram fresh weight basis. The values 
for each sample within a treatment were then averaged. The reliability of 
difference observed is expressed as the least significant difference (LSD). 


Results 


The relationship between photoinductive cycles and the quantity of prim- 
ordia induced in barley was determined by subjecting the plants to a diverse 
number of photoinductive cycles. The results are shown in figure i A. The 
data indicate that three inductive cycles are required for floral induction 
as determined by micro-dissection. It appears from these data that the 
greatest degree of induction takes place with the third and fourth inductive 
cycles. 

The effect of photoinductive cycles on the niacin content is presented in 
figure 1 B as percent of the vegetative plants. The niacin content was signi- 
ficantly reduced after six and seven photoinductive cycles. These reductions 
amounted to 23 per cent and 26 per cent respectively, 
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Riboflavin content was not significantly affected by three photoinductive 
cycles (figure 1 B). 

Biotin content was highly significantly lowered after one photoinductive 
cycle (figure 1 B). This 25 per cent reduction in biotin, as compared to vege- 
tative plants, persisted until the fourth cycle at which time it increased to 
the seventh inductive cycle, when the biotin content was not significantly 
different from the vegetative plants. 


Table 1. Effect of night interruption treatment on the vitamin content of Wintex barley. 


1 Significant at 1 °/o level. 
2 Significant at 5 °/o level. 
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‘One photoinductive cycle produced a highly significant reduction in panto- 
thenic acid content (figure 1B). This reduction amounted to 48 per cent 
when compared to vegetative plants. Such a reduced pantothenic acid content 
remained following three inductive cycles, and after the fourth cycle the 
content was further significantly reduced (18 per cent) as compared to those 
plants receiving one photoinductive cycle. This highly reduced pantothenic 
acid content persisted through the seventh photoinductive cycle. 


Studies were conducted to determine the effect of a night interruption 
treatment on the vitamin content. The results appear in Table 1. These data 
indicate that the niacin and riboflavin contents are not significantly affected 
when vegetative barley plants are given one photoinductive cycle by means 
of a single night interruption treatment. Biotin and pantothenic acid con- 
tents were significantly reduced by the night interruption treatment. It may 
be interesting to note that the night interruption reduced the biotin content 
more than did the long-day photoinductive cycles. 


Analyses were made to determine the fate of the biotin during photoinduc- 
tion. The possibility existed that the change in biotin content could be the 
result of its incorporation into compounds which were not assayable by the 
technique employed. Such an incorporation could be determined by more 
drastic hydrolytic procedures, followed by the same analytical procedures. 
Accordingly, barley plants were subjected to a single inductive cycle and the 
biotin content compared to that of vegetative plants using different hydro- 
lytic procedures. The results are shown in figure 2. The data indicate that 
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enzymatic hydrolysis of vegetative leaves yields much more biotin than the 
same procedure employed in hydrolysis of leaves induced one day. Hydrolysis 
with 6N H,SO, yielded quite similar quantities of biotin in vegetative and 
induced leaves. Further, it is noted that biotin liberation in the induced 
leaves increased with the severity of the hydrolytic procedure. 

Analyses to determine the fate of pantothenic acid during photoinduction 
were not conducted since it was known that the hydrolytic procedure em- 
ployed was sufficient to liberate pantothenic acid from coenzyme A, its active 
coenzymatic form (1). 


Discussion 


Since a quantitative relationship exists between the number of photoinduc- 
tive cycles and the quantity of primordia induced (figure 1 A), it is possible 
that the reactions involved in the synthesis of the flowering stimulus in the 
leaves are initiated by the first photoinductive cycle and each additional 
cycle then might have an additive effect within certain limits. If so, any 
substance or substances involved in this leaf reaction might be expected to 
be affected after the first inductive cycle. Studies of biochemical changes 
occurring immediately upon photoinduction may bring to light reactions 
involved in the perception and synthesis of the stimulus, and possibly do not 
relate to the additive effects of further successive cycles, or its translocation 
to vegetative primordia. 

The data reported here indicate that biotin and pantothenic acid may be 
in some way associated with the photoinductive process in Wintex barley. This 
may be deduced from the decreased content of these two vitamins during 
photoinduction. The data further indicate that the biotin decreases can be 
attributed to its incorporation into a more stable component. 

If one considers the effect of photoinductive cycles on the niacin content, 
it is observed that no significant change occurs until after the sixth inductive 
cycle (figure 1 B), yet it is to be noted in figure 1 A that with six inductive 
cycles maximum floral stimulation has occurred. Furthermore, a night 
interruption treatment produced no significant reduction in the niacin con- 
tent. The data, therefore, are all consistent with the assumption that niacin 
content changes are not associated with the initial floral stimulus formation 
in barley. 

The absence of significant changes in riboflavin content during photo- 
induction, like niacin, suggests that riboflavin content changes are not 
associated with stimulus formation. 

The pantothenic acid content is significantly reduced when vegetative 
barley plants are subjected to a single photoinductive cycle. This reduced 
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pantothenic acid content manifests itself either when the photoinductive 
cycle consists of a long day and short night or when the plants are exposed 
to a short day with a long night which has been broken by a short period 
of light (night interruption). Therefore, the pantothenic acid change can not 
be due to simple changes in light duration, but is, instead, correlated with the 
photoperiodic phenomenon. These data suggest that pantothenic acid is 
involved in some manner in the photoinductive process of the long-day 
plant, Wintex barley. 

A comparison between the effect of a night interruption treatment and 
that of a long day, both of which result in the same quantitative photo- 
periodic stimulus, appears quite interesting. A single night interruption treat- 
ment reduced the assayable pantothenic acid content significantly (Table 1), 
this reduction being in the order of 2.49 micrograms per gram fresh weight. 
When the plants received a long day (18 hours of light) the reduction was 
4.22 micrograms per gram fresh weight which is almost twice the reduction 
produced by the night interruption treatment. Such reductions may reflect . 
a greater utilization of pantothenic acid, which in turn may be due to a 
higher degree of induction, since a continuous long-day inductive cycle is 
more effective in the inductive process than a night interruption treatment. 

In contrast to the effect of a single long-day photoinductive cycle as com- 
pared to a night interruption treatment on the pantothenic acid content, the 
biotin content was reduced to a greater extent by a night interruption treat- 
ment (Table 1). It appears also from the data presented in figure 2 that this 
apparent reduction in biotin is a conversion of biotin into a form which was 
not detectable by enzymatic extraction techniques, for when more drastic 
hydrolytic procedures were employed (figure 2) the total biotin content of 
vegetative and one day induced plants are quite comparable. Such a con- 
version of biotin into an insoluble form has been shown to occur during 
formation of a presumed coenzyme (7). Further, it appears that such a 
complex can be formed or destroyed in adaptive processes in periods as 
brief as 30 minutes (9). 

There have been numerous reports relating biotin to carbon dioxide fixa- 
tion processes, which have recently been reviewed by Lichstein (7). In 
general these indicate that biotin is involved either in the synthesis of the 
malic enzyme (11, 18), or it is associated as a component of this enzyme (7) 
which catalyzes the fixation of carbon dioxide by combining CO, with pyruvic 
acid to form malic acid (18). Biotin has also been shown to be associated 
in CO, fixations with the formation of oxalacetate (6), succinate (8), and 
purines (10). Lardy (5) has postulated its involvement in the activation of 
bicarbonate in fixation processes. Thus, the conversion of biotin to a more 
stable complex during photoinduction of barley leaves, may indeed be related 
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to some metabolic scheme involving carbon dioxide utilization. Such a pos- 
sibility is further enhanced by the observed reduction in pantothenic acid 
content. It has been shown that this vitamin is a component of coenzyme A 
which is required for the incorporation of pyruvate into the Krebs cycle (18), 
synthesis of acetoacetic acid (17) and the formation of porphyrin com- 
pounds (13), all of which may be closely related to carbon dioxide fixation 
processes. Such correlations suggests that carbon dioxide fixations and closely 
related processes play some integral part in the photoperiodic inductive 
process. 


Summary 


Vegetative Wintex barley plants were exposed to 0 to 7 photoinducing 
cycles (18 hour days). Microbiological analyses indicate that biotin, niacin 
and pantothenic acid decreased, while the riboflavin content remained un- 
changed. Biotin content decreased 34 per cent after 3 inducing cycles and 
began to rise after the fourth inductive cycle. Niacin content decreased 
27 per cent after 7 cycles. Pantothenic acid content decreased 62 per cent after 
4 inductive cycles. Night interruption studies were conducted in an effort to 
determine whether these reductions were simple differences in light ration or 
whether they may be involved in some phase of the biochmical changes 
which bring about photoinduction of flowering in the barley plant. The data 
indicate that biotin and pantothenic acid reductions are associated with the 
photoinductive process while niacin changes might be more readily ascribed 
to the light ration. 

The data suggest that biotin is converted into a more insoluble complex 
which may be related to the photoinductive process, while pantothenic acid 
is caused to be translocated or destroyed. 

The relationships between these enzyme cofactors and the Krebs cycle 
function is pointed out and the possibility of dark fixations of carbon dioxide 
as a factor in the photoinductive process is discussed. 

This study was supported in part by the Beechnut Packing Company, Canajoharie, 
New York. 
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Work is in progress at Manchester University on the isolation of growth- 
promoting and inhibiting substances from plant extracts, and examination 
of their biological properties. 

It is essential in work on the isolation of physiologically-active naturai 
products that the methods of bio-assay used should be reliable, and suffi- 
ciently standardised to enable work carried on in different laboratories to 
be compared. At the moment this is not the case with bio-assays of plant 
hormones. Most workers in this field use the same basic reaction, that is, 
measurement of cell elongation, usually in the Avena coleoptile, but many 
modifications in technique are employed. The work on the Avena straight- 
growth test reported here is presented in an effort to assess the value of 
various modifications, and to arrive at the most efficient bio-assay method 
possible. 

A preliminary examination of the Avena straight-growth test (Bentley, 
1950) showed that it is suitable for the problems under consideration. Briefly, 
the technique involves the excision of 10 mm. sections of Avena coleoptiles 
when the coleoptiles are approximately 1.5 cm. long. The sections are allowed 
to elongate in the test solutions for 24 hours under standard conditions, and 
final length then measured. Typical responses obtained with 3-indolylacetic 
acid (IAA) and 3-indolylacetonitrile (IAN), and experiments showing the 
amount of variation in the test are reported by Bentley and Housley (1952 
and 1953). Since 1950, considerable experience of the method in routine 
assays has led to further improvements, and has given information on points 
of physiological interest in the technique. These aspects are reported in this 


paper. 
[405] 
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Originally, the method was developed for the assay of growth-promoting 
substances, but it has since been found necessary to assay inhibitors as well. 
Modifications of the method for inhibitor assay are described. 


Aeration of sections 


The method of aeration used by the majority of workers in Avena straight- 
growth studies is to float coleoptile sections on the surface of test solutions. 
Another method (Rietsema, 1949 a and b) is to bubble air through the solu- 
tions. This was used by van Santen (1938) as a method of solution agitation 
rather than aeration. Agitation of test solution around plant organs is also 
recommended by Audus (1949). 

It was therefore decided to compare the effect of bubbling and floating 
aeration on section response, and the effect of these two treatments on the 
sensitivity of the test. 

The only reports in the literature (as far as the authors are aware) on a 
comparison of aeration methods are by Bonner (1933) and Thimann (1951). 
Bonner compared the response of submerged sections in two hormone solu- 
tions, one solution being aerated by bubbling air through it. Responses to 
both treatments were similar; hence, he concluded that there is no oxygen 
deficiency in solutions not subjected to bubbling aeration. On the other 
hand Thimann states that coleoptile sections give maximum elongation only 
when they are partially submerged, so that they are half in air and half in 
water, but that sections submerged a millimetre below the surface only give 
half of this maximum growth. However, by bubbling oxygen through the solu- 
tion their growth can be brought up to that of the sections breaking surface. 

Five experiments (Table 1) examining the effect of bubbling and floating 
aeration on response at various concentrations of IAA were carried out using 
two initial section lengths (10 mm. or 1.9 mm.). Allowing for small variations, 
it may be concluded that bubbling aeration causes a larger section response 
than floating aeration. With 10 mm. sections, the difference in response be- 
tween the two treatments is large and is usually significant at the 1 per cent 
probability level, whereas with 1.9 mm. sections, the difference is small and 
is usually not significant at the 5 per cent probability level. 

Section response with bubbling aeration is probably influenced by a 
number of factors, including mechanical agitation caused by the stream of 
gas bubbles, removal of respiratory carbon dioxide from the solution and 
maintenance of a maximum oxygen tension in the solution. The fact that a 
significant difference in response between bubbling and floating aeration 
is obtained with 10 mm. sections and not with 1.9 mm. sections may be 
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Table 1. Response (expressed as percentage elongation) of 10 mm. and 1.9 mm. coleoptile 

sections aerated by bubbling aeration (B.A.) and floating aeration (F.A.) in solutions of 

IAA. Differences between the two aeration treatments have been analysed by the variance 

ratio (F) test; significant differences at the 5 per cent probability level are denoted by S 
and at the 1 per cent level by SS. 


oo 


cet | Concentration of IAA (mg./1.) 
Expt. no \ Treatment Ein iiber me = 
ar en: 0 | 10 | 10-1] 10-2 | = 10 
f 
| B.A. 22.5 80.5 | 73.0 | 19.0 | 29.75 | 335 | 
FEW... 10 F.A. a || a 53.25 | 11.5 | 18.5 | 20.75 | 
Sig. SS Es ss ss ss ss 
| | B.A. 2125 900 | 2325 | 475 | 325 | 2625| 
Bat... 10 F.A. 12.5 76.5 | 57.0 19:5. | 20.02 | 17.75 
Sig. ss S SS SS SS SS 
, B.A. | 24.5 92.0. 713 40.0 | 19,75 | 272.0.) 
B.93 (a) 10 F.A. 27.0 78.75 | 57.0 25.5 | 22.25 | 20.75 
| Sig. = | SS SS = | ss 
| | B.A. 3.3 53.8 | 45.8 24.6. | 21.25 | 229 
| (b) 1.9 F.A. 20.1 47.9: | 38,4 24.3 | 201 19.6 
| Sig. BES on 
| | B.A. 18.2 37.3 39.45 1.235 195 A017 
I a «ce. 1.9 FA. | 16.9 45.0 | 41.8 214 1193 
| | | Sig. — | | S 


explained by supposing that excision of coleoptiles interferes with growth, 
and that this interference is greater in small sections than in large sections. 

However, further examination of the data of Table 1 shows that extensions 
in IAA at concentrations below 10”? mg./l. are not significantly different 
from those in water, with both bubbling and floating aeration. This means 
that the sensitivity of the test is not markedly affected by the method of 
aeration, and therefore, no advantage is gained by using the more compli- 
cated method of bubbling aeration. Accordingly, all experiments in this 
paper have been carried out using floating aeration. 


Effect of threading sections on glass capillaries 


After sections are cut from coleoptiles, they are threaded on glass capil- 
laries or nylon threads, the primary leaf being pushed out and discarded in 
the process. This part of the technique is most tedious and time-consuming, 
in addition to being the operation which is most likely to damage the coleop- 
tile sections. Its big advantage lies in the fact that the sections grow straight 
when threaded on capillaries, but grow curved when not threaded. When 
curved, they are difficult to measure with a microscope. However, it was 
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Table 2. Effect of mounting sections on rods or removing the primary leaf, in the Avena 
straight-growth test. Figures denote final length (mm.) of coleoptile or leaf sections elon- 
gating for 48 hours in 10 mg./l. IAA solution, each being the mean of 10 replicates. 
a ——— 
Coleoptile 
response 


Nee eee eee — 


Treatment Expt. No. Leaf response 


15.5 = 
14.8 = 
15.7 = 


14.9 — 
14.6 = 
14.5 = 


B232 


Sections on rods, leaves removed .................. 


17.4 13.4 
1721 14.9 
18.3 15.1 


16.6 13.7 
16.8 14.2 
17.9 14.5 


B232 
Sections not on rods, leaf left inside ............ 


B234 


15.9 14.2 
16.3 13.5 


15.8 13.1 
16.0 13.3 
16.0 13.7 


Sections not on rods, leaves removed to sepa- 
rate 1dishés nee ee eh: 


B234 


15.8 14.0 
15.1 13.4 
5.0 14.1 


15.3 13.3 
14.9 13.0 
15.0 13.8 


Sections on rods, leaves laid alongside ......... 


B234 


| 
| 
| 
| 


| 
| 
| 
| 
| 
| 


noticed in a series of experiments that sections not mounted on glass capil- 
laries and still containing the primary leaf grew to a greater extent than 
mounted sections. This enhanced response might be due to a stimulatory 
effect of the leaf, or alternatively the technique of mounting sections on 
capillaries might have a retarding effect. Results of experiments designed 
to investigate these points are given in Table 2. The main conclusions of 
Table 2 are as follows: 

Mounted sections growing in a solution of IAA do not elongate as much 
as unmounted sections with the leaf removed, suggesting that the presence 
of the capillary has an inhibiting effect. 

Unmounted sections containing the primary leaf elongate more than un- 


mounted sections without the leaf. This is evidence for a stimulatory effect 
of the ieaf. 
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Table 3. Interaction of leaf and coleoptile sections in the Avena straight-growth test in 
water, 10 mg./l. IAA and 1 per cent sucrose. Figures denote final length (mm.), each being 
the mean of 10 replicates. Duration of assay 72 hours. 


SS 


Expt. | Method of! a | Leaf left inside section | Leaf removed to separate dish 
En | EN H,O | IAA | Sucrose H,O IAA Sucrose 
| 14.4 19.0 18.3 13.3 17.8 14.2 
Coleoptie | 5.3 | 18.6 16.1 13.3 18.0 14.7 
| — 9 — 
Sand | 17.2 — 14.3 
| 10.8 | 12.5 13.3 15.5 16.3 17.8 
| Leaves L 11241102 13.2 16.1 15.7 18.5 
Zs N: 13.3 — — 19.0 
B237 
| 14.0 | 17.6 17.0 14.0 16.5 15.0 
| Coleoptiles | 14.6 | 17.3 16.1 13.7 16.9 15.4 
, | — — 16.9 — 15.5 
Soil 
14.6.7165 15.2 13.6 16.0 14.3 
| Leaves | 15.8 | 15.5 17.0 13.8 15.8 14.6 
— = 14.0 = — 14.7 
| 13.8 | 18.0 17.0 13.2 17.1 14.0 
| Coleoptiles 1452104187 15.6 13.5 17.1 14.2 
| I — 15.3 14.3 
Sand | | 
14.1 | 15.7 13.1 12.5 14.6 13.9 
| Leaves 15.1 | 16.3 14.2 13.4 14.7 13.8 
| — | — 12.5 — — 13.2 
B238 | | 
13.2 | 17.8 14.0 12.8 16.8 13.2 
| Coleopties| 13.4 | 17.8 14.5 12.8 16.4 13.6 
14.3 == — 13.2 
Soil 
14.8 | 17.4 16.0 14.8 15.9 14.8 
Leaves | 15:30) 729 14.0 14.2 14.7 15.7 
14.7 — — 14.3 
| 
— | 16.0 == = 14.7 — 
cat = aaa > ex en RR 
| — 15.7 = = 15.1 — 
B254 Sand 
> 155 — — 12.3 = 
| ine 13.2 = oo 12.2 = 
Leaves ee 13.0 = — 12.3 = 
= 12.9 = = 12.5 = 


Moreover, leaves inside sections grow longer than leaves removed from 
sections. This suggests a stimulatory effect of coleoptile tissues on leaf growth. 

Response of sections when the leaf is removed and laid alongside the 
coleoptile is slightly greater than that of mounted sections, but less than 
that of sections containing the leaf. 

The stimulating effect of the leaf on coleoptile elongation is also obtained 
with soil-grown and sand-grown oats and with water and sucrose as test 
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solutions (Table 3), although the stimulating effect of coleoptile sections 
on leaf growth is not so clear (not obtained in experiment B237). The pos- 
sibility was considered that the decrease in coleoptile growth when the leaf 
is removed might be due to rubbing of the inner surface of the coleoptile. 
A series of experiments were carried out in which the leaf was removed and 
replaced once in the coleoptile section, or removed and pushed in and out 
five times before replacing. The resultant section growth (15.6 and 15.4 mm. 
respectively) was intermediate between that with the leaf left undisturbed 
(15.9 mm.) and with the leaf entirely removed (14.9 mm.), suggesting that 
the mechanical effect of rubbing is not entirely responsible for the decrease 
when the leaf is completely removed. Corresponding leaf measurements 
showed that leaf growth is slightly reduced by removing once (from 13.1 to 
12.7 mm.) and reduced to that of the leaf left outside the coleoptile (12.2 mm.) 
by removing five times. These figures are the means of 40 replicates. It 
would thus appear that there is usually some mutually beneficial effect 
when the leaf and coleoptile are left in close contact, which is progressively 
removed as the contact is loosened. 

Hancock and Barlow (1953) report greater growth when the leaf is left 
in the section than when the section is threaded on a capillary, but do not 
suggest whether this effect is due to stimulation by the leaf or inhibition by 
the capillary. 

In view of these results, it was decided to leave sections unmounted and 
still containing the primary leaf. The disadvantage of measuring curved 
sections at the end of the test is overcome by using a photographic enlarger 
to project the images of the coleoptiles on to a screen, and then using a plastic 
ruler which can be bent easily along the images of the sections to give an 
accurate measurement. 


Bio-assay of growth inhibitors 


Several possible methods of inhibitor assay in plant extracts have been 
reported recently, for example Thimann and Bonner, 1949 (split pea-stem 
test); Hemberg, 1951 (Avena curved coleoptile test); Leopold et al., 1952 
(pea straight-growth test), and Luckwill, 1952 a and b (oat and wheat 
straight-growth tests) and Bennet-Clark et al., 1952 and 1953 (oat straight- 
growth tests). These assay methods utilize different types of growth response. 
The split pea-stem response results from a complex differential growth of 
the inner and outer tissues of the stem; the Avena curved coleoptile test 
measures cell elongation; pea straight-growth response (in sections cut from 
the 3rd. internode of 7-day etiolated plants) mainly measures cell elongation 
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but also includes a certain amount of cell division in some tissue layers 
(Thimann, 1951); and oat and wheat straight-growth response measures 
cell elongation (when coleoptiles of 1 cm. and longer are used; Went and 
Thimann, 1937). 

The split pea-stem method and Avena curvature method require the addi- 
tion of IAA to test solutions and control. Since it is possible for synergistic 
and antagonistic effects to occur when more than one hormone is present, 
care is needed to interpret the data from such assays. For example, Leopold 
et al. (l.c.) report that chelidonic acid tested alone causes growth-inhibition, 
but in the presence of IAA causes a synergistic growth promotion. Hemberg 
(l.c.) finds that caffeic and ferulic acids, isolated from tomatoes and found 
to be inhibitors of pea growth (Akkerman and Veldstra, 1947), were inactive 
when tested alone, but had marked synergistic action with IAA. Other 
examples are physiologically inactive substances with chemical structures 
related to those of growth regulators, these substances frequently showing 
synergism with IAA or other hormones. Assay methods requiring the addi- 
tion of hormones to test solutions are therefore undesirable unless used in 
conjunction with other methods of assay. 

In the Avena straight-growth test, a certain amount of growth occurs in 
water (about 20 per cent elongation) and reduction of this growth is a 
measure of the inhibitory power of the test solution. If the elongation in 
controls can be increased, the test becomes much more efficient. Two methods 
of achieving this have been tried, the use of food factors to increase growth 
in Avena, and the use of wheat, which elongates much more than oats in 


water. 


Use of a food factor for inhibitor assays 


Schneider (1938), and Thimann and Schneider (1938), report that growth 
of Avena coleoptile sections is increased by using 1 per cent sucrose and 
M/100 potassium chloride. However, Christiansen and Thimann (1950) report 
that sucrose has no effect on elongation of pea stem sections, whereas Gal- 
ston and Hand (1950) report that 2 per cent sucrose causes an increase. 
Examination of the effect of these substances and also glucose in the Avena 
straight-growth test showed that there is considerable variation in response 
(Tables 4 and 5). The results with sucrose show that in three experiments 
(D31, D32 and B186) sucrose alone causes as great, or greater, growth than 
IAA at 1 mg./l., whereas in five experiments (B187, 188, 190, 191 and 201) 
sucrose alone causes only slightly greater growth than water. In three experi- 
ments there is a markedly increased response to JAA in the presence of 
sucrose (B187, 188 and 190), whereas sucrose causes no increased response 
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Table 4. The effect of sucrose and potassium chloride on coleoptile section response in 

the Avena straight-growth test. Figures show the percentage elongation of sections, and 

are the result of 10 replicates except those marked with an asterisk (*) (30 replicates) and 

a cross (t) (20 replicates). Oats used in D experiments were water-grown and those in B 
experiments sand-grown. 


Duration of ‚Conc. of 3-indolylacetic acid (mg./l.) Oat 
Expt. No. Treatment 5 , 
Ba oe Assay (hrs.) 0 10 1.0 0.1 0.01 | Harvest 
1 °/o Sucrose 68 — — — = 
D31 M/100 KCl 48 19 — — _ — 1948 
No food factor 27 — 69 — — 
1 °/o Sucrose el — — = = 
M/100 KCl 37 — — — — 1948 | 
D32 Sucrose + KCl 48 70 = = = = 
No food factor Di -— 59 — — 
1 °/o Sucrose 24 — 72 30 — | 
D33 | M/100 KCl 48 21 — 48 29 as 1948 
Sucrose+ KCl 28 — 65 30 — 
1 °/o Sucrose 19 = 50 41 ._ | 
M/100 KCI 20 — 30 29 -— 
D36 Sucrose+ KCl 48 20 — 68 33 — DE 
No food factor 20 — 53 30 — 
1 °/o Sucrose 91* 133 108 107 100 
B186 { No food factor oe 275 73 1) 509) 56. 145 } en 
1 °/o Sucrose 14* 89 72 58 33 
DA { No food factor 24 12 81 62.5 41 18 } 1950 
i °/o Sucrose 20 14* 82 69.5 50 29 
No food factor 12 67.5 56.5 41 18 
B188 1950 
1 %/o Sucrose 44 21.5* | 108.5 | 89 63 43.5 
No food factor 17 13 64 48 30.5 
1 °/o Sucrose 2157089 78 61 26 i 
190 { No food factor z 21 75.5| 69 | 48 | 19.5 } 2 
1 °/o Sucrose 247 — — — —— 
BI { No food factor che 16 = = = = } 1950 
1 % Sucrose 48 sl — — — — 1950 
1 °/o Sucrose 37 — — oo — 1951 
B201 
No food factor 28 = 1950 
No food factor 30 = = — — 1951 


to IAA in only one experiment (D36). In those experiments in which sucrose 
causes only a slightly greater growth than water, it is possible that auxin 
is the limiting factor in the growth of the coleoptile sections, whereas when 
sucrose alone causes a very high growth response, the coleoptiles are possibly 
rich in auxin due to some factor in their growth. The well known variation 
in response of different batches of plants to applied hormone is no doubt 
caused by the same factor. On the whole, response is greater with IAA and 
sucrose, than with IAA alone. 
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Table 5. The effect of glucose on coleoptile section response in the Avena straight-growth 
test. Figures show the percentage elongation of sections, and are the result of 10 replicates 
except those marked with an asterisk (*) (30 replicates). Experiments D21 and 24 were 
carried out with 3 mm. sections, the remainder with 10 mm. sections. Oats used in D 
experiments were water-grown and those in B experiments sand-grown. 


Et No. ES oe of Conc. of 3-indolylacetic acid (mg./l.)| Oat 
| au) a 10217. 1.0 || one) oon | Harvest 
D21 | 1 °/o Glucose | 48 2694176 2173 45* 207 1948 
D24 | 1 °/o Glucose | 48 89 107* 83.8%] 857 81.6* 1948 
1 /o Glucose | 33 =i 63 43 | 36 
D16 { No food factor à 20 | 38 | 42 | 30 | 23 | 1922 
1 °/o Glucose 35 Zn 80 42 35 
ms { No food factor | = 26 43 51 46 27 | 0 
1% Glucose | 77* |128 |119 | 104 | 100 : 
ne { No food factor 4 995 173.) 59 56 | 4 | = 
| | | 
| 1 °/o Glucose | Lite 94 80 62 30 
Ete? { No food factor | z | 12 81 62.5 41 18 | RER 
| 
| 1 °/o Glucose | 48 43 1950 
1 %o Gl | | 37 | — — — = 
a o Glucose | 1951 
| No food factor | 28 — — — — 1950 
\ No food factor | | 30 u — -- 1951 


With glucose there is also increased growth compared with water; this is 
markedly greater in experiments D24 and B186 than it is in the other experi- 
ments. There is also an enhanced response to IAA in the presence of glucose 
(D16, D19, B186 and B187). 

The experiments with potassium chloride, both with and without sucrose, 
show that no advantage is gained by its use. In the three experiments com- 
paring growth in */100 M KCl with water (D31, D32 and D36) the first shows 
a response with KCI less than that with water, the second a response greater 
than that with water, and the third a response equal to that with water. In 
the experiment in which sucrose is added together with KCl (D382, D33 
and D36) there is no or only very slight advantage over the use of sucrose 
alone. 

If the magnitude of response to IAA in the presence of sucrose or glucose 
is compared (Figure 1) by summing all the experiments in Tables 4 and 5, 
it is seen that they are approximately equally effective. 

Thus, it is suggested that the addition of 1 per cent sucrose or 1 per cent 
glucose in the Avena straight-growth method could be used as a method of 
inhibitor assay, but large numbers of experiments would be required to 
give a decisive result because of the large variation in response. 


28 
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Table 6. Percentage elongation of wheat and oat coleoptile sections in water with coleoptiles 
of different lengths. 
EEE EEE LEE 


Wheat Oats 

Expt. | Coleoptile | Replicate Section Expt. Coleoptile | Replicate Section 
No. Length (cm.)) Number | Elongation No. |Length (cm.) Number | Elongation | 
3 1.6—1.8 20 62 B185 || 1.41.6 10 20 
4 do. 20 67 B186 | do. 10 28 
5 do. 20 44 B202 do. 10 24 
1a, do. 20 33 B187 | 1.6—1.8 10 | 12 
12 do. 30 44 B188 | do. UE I 21 
13 do. 20 | 39 | B190 do. | 10 17 

| 6 1.8— 2.0 20 PAT ie BL93=| do. 10 | 15 

| 8 do. 10 31 BIOS | acts 2:0 20 | 13 
1 1.822 10 37 B207 | do. 10 | dl 
10 do. 20 38 | | 
11 do. 30 34 | 


Use of wheat sections for inhibitor assays 


For these experiments wheat (var. Bersee) was obtained from Messrs. 
Dickson, Brown & Tait, Ltd., Manchester. The wheat was grown by the same 
method as the oats, but germination was consistently less even, so that it was 
more difficult to select material of a given coleoptile length for assay. This 
increases the time required for assay. A comparison of percentage elongation 
of wheat and oat sections in water is shown in Table 6. This clearly shows 
that wheat sections elongate considerably more than oat sections, especially 
at lower coleoptile lengths, possibly due to the fact that they contain more 
sugars or other food factors. They are thus very suitable for inhibitor assays, 
and are used as a routine method at Manchester. 


The value of micro assays 


When assaying extracts of naturally-occuring hormones it is often neces- 
sary to work with as small a volume of solution as possible. This is par- 
ticularly important in comparative developmental studies when material is 
usually strictly limited. It might therefore appear desirable to work with 
very small sections in a very small volume of solution. This is the technique 
followed by Luckwill (1952 b) in his work on plant extracts. However, in a 
comparison of such micro assays with the standard Avena straight-growth 
test, the interesting fact emerged that the opposite effect to the desired one 
(that is, maximum sensitivity with a minimum volume of solution) was 
obtained. 


In the micro assay, ten 3.2 mm. sections were mounted on a glass capillary 
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Figure 1. À comparison of response of 50 
Avena coleoptiles to IAA in the presence 


of sucrose or glucose. 


0.01 0.1 1.0 10 
IAB CONCENTRATION (mg./1.) 


and inserted in a 0.7X7.5 cm. specimen tube, together with 0.25 cc. test 
solution. The tubes were laid on their sides so that all the sections were 
bathed in solution. No solution escaped from the tubes because of surface 
tension forces. All other conditions of the test were as in the standard assay 
method. 

Typical results for both wheat and oats are given in Figure 2, and clearly 
show that the overall response is less in the micro assay than in the standard 
assay. Numerous experiments showed that the lower limit of sensitivity in 
the micro assay is at 0.1 mg./l. IAA or above as compared with 0.01 mg./l. 
IAA or below in the standard assay. Moreover, to achieve the same magnitude 
of response by the micro assay as in the standard assay requires solutions 
which are X10 to X 100 more concentrated. Thus, no benefit is gained by 
working”with smaller volumes, in addition to the disadvantage of a more 
difficult technique. 

Results recently to hand by Hancock and Barlow (1953) show improved 
sensitivity and greater growth in small volumes of solution (0.5 cc.) when 
the tests are carried out in rotating tubes. They use the same section length 
as in the standard Avena assay, i.e. 10 mm. The improved response is 
probably due to aeration and agitation of the solution obtained in the rotated 


tubes. 
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Figure 2. Acomparison between a micro 
assay method and the standard assay 
method using oats (continuous lines) 
and wheat (broken lines). Crosses: — 
3 mm. sections in 0.25 ml. solution. 


PERCENTAGE ELONGATION 


Black circles: — 3 mm. sections in 10 
ml. solution. White circles: — 10 mm. 
0 sections in 10 ml. solution. 


0.01 On 1.0 10 
IAA CONCENTRATION (mg./1.) 


A detailed technique for Avena straight-growth assays 


It is useful at this point to summarise the technique which has been found 
satisfactory for large routine assays. Unhusked oats are soaked in water for 
4—6 hours if it is desired to plant the same day, or for 16—18 hours over- 
night for planting the following morning. Prolonged soaking has a detri- 
mental effect on germination, especially if soaking is carried out at a tempera- 
ture above 15° C., since detectable fermentation of the seeds may start after 
20 hours; hence during warm weather seeds are soaked in a refrigerator 
(5—8° C). 

After soaking, the oats are planted in a coarse sand in seed boxes made of 
hard-wood. Soft-wood boxes rapidly become fungus-infected in a high 
humidity laboratory. Initially the sand is thoroughly wetted, care being taken 
to prevent water-logging (hence loss of aeration) ; both an excess and deficit of 
water causes poor growth of material. The seeds are planted approximately 
0.3—0.4 cm. below the surface, and 24 hours after planting the seeds are 
well watered, again care being taken not to give an excess. Watering must 
be even, and approximately the same quantity of water must be given to 
each seed box. The seeds are again evenly watered after 48 hours. The 
growing period from the time of planting until the coleoptiles are 1.4—1.6 cm. 
long varies in samples obtained from different sources, and also varies in 
samples from the same source (National Institute of Agricultural Botany, 
Cambridge) but of different harvests. For example, with N.I.A.B. oats of the 
1949 harvest the growing period is approximately 70 hours, whereas with 
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Figure 3. Cutter for excising sections from Avena 
coleoptiles. 


oats of the 1950 harvest it is approximately 62 hours. Oats of tne 1950 harvest 
grow for 48 hours before the coleoptile tips break through the surface of 
the sand, and for the last 14 hours the seeds are exposed to phototropically- 
inactive light. If it is not convenient to do the test at the time the oats would 
be the correct size, they may be placed at low temperature (0—3° C.) for 
several hours, when at the 48-hour stage of growth. It is inadvisable to hold 
coleoptiles for more than 6—8 hours under such conditions immediately be- 
fore using for assay, since the low temperature has a detrimental effect 
upon coleoptile response. Rate of coleoptile growth at 0-3 C) ishowsbutia 
noticeable thickening begins after 12 hours, and the tissue becomes firmer 
to the touch. There is possibly an increase of lateral wall thickening, which 
may reduce the ability of the sections to elongate in hormone solutions. 

The type of cutter used to excise the sections has been briefly described 
previously (Bentley, 1950), but requests for further details of its construction 
suggest that a photograph would be useful. The side view is shown in 
Figure 3. The two upturned razor blades are held exactly 10 mm. apart by 
means of a brass block, and one is placed exactly 3 mm. from a metal guard. 
The razor blades can easily be replaced. Ten coleoptiles of a suitable size are 
laid side by side on a wet slide, with their tips just at the edge of the slide. 
The slide is upturned and lowered on to the cutting edges of the blades, with 
the edge of the slide resting against the metal guard. In this way a 3 mm. 
tip is rejected from each coleoptile. The 10 mm. sections are lifted from 
between the razor blades with a pair of forceps. It has been found that this 
-type of cutter is very simple, accurate, and much quicker to use than, for 
example, the guillotine types previously tried. The sections are then floated 
on the surface of the solutions to be tested (10 sections in 10 ml. in a 5 cm. 
Petri dish). 

The tests at Manchester are now carried out in an air-conditioned room 
at constant temperature (27° C.) and ambient humidity. The oats are grown 
at 25° C. and approximately 85 per cent relative humidity. The duration of 
assay normally used with hormone solutions is approximately 18 hours. 
Growth curves of sections in IAA and 3-indolylacetonitrile (Bentley and 
Housley, 1953) show that, in the absence of nutrient solutions such as sugars, 
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most of the growth occurs during the first 8—10 hours and that growth has 
reached a low level after 18—24 hours. In the presence of sugars growth 
continues up to 48 hours. 

The sections are measured with a photographic enlarger set at a magni- 
fication of X4. Up to 20 sections can be placed in the instrument, and the 
images of the sections measured with a transparent ruler to the nearest milli- 
metre. This method is much less tiring than the use of a microscope for 
measurement, and 250—300 sections can be measured in an hour. 


Summary 


1. A comparison is made of two methods of aeration of coleoptile sections 
in the Avena straight-growth test, by flotation of the sections on the 
surface of solutions and by bubbling air through solutions in which the 
sections are immersed. The results indicate that response is greater with 
bubbling aeration than with floating aeration, but the sensitivity of the 
test is not markedly increased. 

The presence of the primary leaf inside the coleoptile section has a stimu- 

lating effect on section growth. Mounting the sections on capillaries has 

an inhibitory effect on growth. It is therefore better to leave sections 
unmounted. 

3. Inhibitors can be satisfactorily assayed using wheat sections instead of 
oat sections, if no food factor is added to the test solution. The use of 
sucrose or glucose causes increased section elongation in the presence of 
auxins but increases the variability of the test. The use of potassium 
chloride as an accessory food factor is not recommended. 

4. »Micro» assays using very short Avena sections in very small volumes of 
test solutions are much less sensitive than the standard procedure recom- 
mended in this paper, so that no advantage is gained in using them. 

5. A detailed technique for rapid, routine Avena assays is given. 


no 
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Introduction 


In studies on the permeability of plant cells to non-electrolytes, the cells 
of Chara ceratophylla have often been used as a kind of standard object in 
that results obtained with other cells have been compared with those obtained 
by Collander and Bärlund (1933) on Chara. It is, however, obvious that this 
plant, although in many respects admirably well suited for studies of this 
sort, is not quite ideal as a universal standard object for permeability studies. 
The most severe drawback to it is that it is extremely variable as regards 
the size and shape of its cells, and that cells large enough for permeability 
experiments seem to be very scanty in most wild habitats of this plant. 
Moreover, in specimens cultivated in the laboratory we never found cells 
suited for such purposes. 

It now seems to me that another Characean plant, viz., Nitella mucronata 
A. Br., would fulfil the requirements of such a standard object considerably 
better. This alga can be cultivated all the year round in every laboratory 
and its cells are in most cases large enough for permeability determinations 
based on chemical analyses of the amounts taken up or given off by single 
cells. Besides this, two qualities make the cells of Nitella somewhat better 
suited, even, for exact permeability experiments than those of Chara. The 
first is that the Nitella cells are more perfectly cylindrical in shape, which 
makes an accurate calculation of their volume and surface easier. The second 
advantage is that the cells of Nitella are thinner but longer than those of 
Chara: while the cells used by Collander and Bärlund in their investigation 
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on the latter object were on average about 1.2 mm. thick and about 2 cm. 
long, the Nitella cells used in the present study were generally about 0.4— 
0.6 mm. thick and about 4—6 cm. long. This is an advantage, especially 
when studying very rapidly permeating substances, because in such cases 
it is important that the time necessary for the diffusion of the substance 
through the cell lumen should be as short as possible as compared with the 
time necessary for the penetration through the plasma membrane. 


Methods 


The permeability determinations carried out during the course of the 
present investigation were all based on quantitative microchemical deter- 
minations of the amount of a substance diffusing, in a given time, either 
into or out of Nitella cells of measured dimensions. The methods used thus 
agree, in principle, with those employed by Collander and Barlund (1933) 
and by Wartiovaara (1942, 1944, 1949). They were, however, mostly some- 
what more exact than those of Collander and Barlund and simpler than 
those of Wartiovaara. 

By far the majority of our permeability determinations were carried out 
in the following way: — A single Nitella cell of known dimensions is put 
into a non-plasmolyzing solution of the substance to be studied and left there 
until the cell is more or less saturated with the penetrating substance. It is 
then rinsed with tap water and put into a water-filled glass tube of about 
1.8 mm. bore and somewhat longer than the cell in question. (The water 
content of the tube is about 0.5 ml.) The tube is held in a vertical position 
in a Dewar-flask filled with water at 20°+0.5° C. After the lapse of an 
appropriate time the cell is transferred from the first glass tube to a second 
similar one and then perhaps still to a third and possibly to a fourth. In the 
last tube it is left until it may be assumed that practically nothing remains 
of the penetrating substance in the cell. The glass tubes are now emptied 
and the amount of the penetrating substance in each of them determined 
by a suitable microanalytical method. From the results of these determina- 
tions the permeability constant P is calculated, using the formula 


pee ee 


a-t C—c di 


in which v and a denote the volume and the surface of the cell in cubic 
centimeters and square centimeters respectively, t the permeation time in 
seconds, C and c the relative concentrations of the penetrating substance in 
the cell sap at the beginning and end of each permeation period. The P-values 
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obtained in this way give the permeability expressed in cm./sec. In order to 
avoid decimals, we shall mostly give the P-values multiplied by 107. 

So as to be able to handle the cells with forceps without any risk of injury, a 
short stump of the wall of an adjacent cell was always left on the cell to be studied. 
This stump served as a »handle» in all the subsequent manipulations with the cell, 
while the cell itself was never touched with the forceps. Sometimes, when only very 
small cells were available, two or even three connected cells of nearly equal thickness 
were used. It was not thought possible to remove the small nodal cells from the 
much greater internodal ones, but owing to their smallness they cannot have affected 
the results to any considerable extent. The length of the rinsing time varied, according 
to the rate of penetration of the substance studied, from 10 seconds to several 
minutes. 


In the case of the most slowly penetrating substances it was not possible 
to procede in the above-described manner. Instead the quantity taken up by 
the cells in a given time from a solution of known concentration was deter- 
mined, either as described by Collander and Bärlund (1933) by analyzing the 
isolated cell sap of a number of cells of equal thickness, or by putting the 
cells in water-filled glass tubes which were heated to almost 100° C., so that 
the solute previously taken up by the cells would diffuse out (together with 
other water-soluble cell constituents) after which it was determined in the 
external solution. 

The permeability experiments were all carried out in darkness or. in very 
weak light at a temperature of 20° C.+ about 0.5°. In preparing the solutions 
tap water was always used, if necessary after it had been heated in order to 
expel the free chlorine. 

Each cell experimented with was given its own number and was kept 
separately. In all about 200 cells (or cell groups) were used during this 
investigation, disregarding those which were used for preliminary experi- 
ments only or which died even during the first experiment performed 
with them. 

The chemical determinations were principally carried out by two different 
methods only. One consisted of the oxidation of the organic substance with 
a known amount of potassium bichromate+conc. sulfuric acid, followed 
by the iodometric titration of the excess of chromic acid (cf. Bang 1927). 
Most of the N-containing substances, on the other hand, were determined 
using the micro-diffusion method of Conway (1950). The heavy water was 
determined according to Sapirstein’s (1950) method. 


Reliability of the results obtained 


The reliability of the results arrived at in the present investigation is 
affected by at least the following sources of error: 
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(1) Analytical errors. The errors involved in the determination of the 
amounts of substances taken up or given off by the cells probably only 
occasionally exceeded 8 per cent. Owing to the very small amounts involved, 
these errors were relatively great in the case of such substances as penta- 
erythritol and glycerol. 

(2) Errors in determining the dimensions of the cells. The error in 
measuring the thickness of the cells amounted maximally to about 8 per cent. 
Hence it is generally of no great importance. 


(3) Errors as regards the length of the permeation period are of import- 
ance only in the case of the most rapidly permeating substances, i.e., when 
the permeation period was only 30 seconds or shorter. In such cases special 
care was taken to standardize the experimental technique as far as possible. 

(4) The occurrence of active transport processes interferring with the dif- 
fusion processes studied. No indications of such active transport processes 
were observed in our experiments. On the contrary, in all cases where it was 
possible to follow the successive phases of the entrance or exit of the sub- 
stance studied, the general course of the process was found to satisfy equa- 
tion (1) fairly well. Cf. paragraph (9). 

(5) Metabolic changes of the penetrating substances were never observed. 
They are nevertheless possible in the case of some very slowly permeating 
substances like glycerol. 

(6) The concentration of the permeating substance in the water surround- 
ing the cell is assumed to be practically=0 in calculating the permeability 
constants according to equation (1). This assumption seems fairly well justi- 
fied in the case of not very rapidly penetrating substances which have time 
enough to spread in the whole water volume in the glass tube (about 20—40 
times greater than the cell volume) during the permeation process. When 
more rapidly penetrating substances were used, i.e., always when the per- 
meation period was shorter than 12 minutes, the cell was kept in continuous 
up and down motion in order to have the medium well mixed. 


(7) The diffusion resistance of the cell wall and the cell sap. In calculating 
the permeability constant according to equation (1) it is assumed that the 
equalization of the initial concentration difference between the cell and its 
surroundings is controlled solely by the diffusion resistance offered by the 
protoplasm, while the diffusion resistance of the cell wall and the cell sap is 
negligible. This assumption is not even approximately valid in the case of 
the most rapidly penetrating substances, especially if they have a great mole- 
cular weight too. It was therefore necessary to ascertain by special experi- 
ments the diffusion resistance offered by dead cells to diffusing substances 
of different molecular weight, and to correct the results obtained with living 
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cells by subtracting the diffusion resistance of the dead cells from that of 
the living ones. Cf. p. 431. 

(8) Impurities of the chemicals used. The chemicals used were in general 
of the purest commercially obtainable grade. Only a few of them were 
specially purified, e.g., by recrystallization. Acid solutions were neutralized 
by adding a small amount of calcium carbonate. Cf. also the next paragraph. 

(9) The validity of equation (1) and, at the same time, the reliability of 
of the analytical procedures and the purity of the chemicals used were in 
numerous cases tested by following the course of the permeation process in 
two, three, or four successive steps and by calculating the P-value for each 
permeation time. As a first example we choose the 21 experiments carried 
out in this way with methanol. The following mean P-values were obtained: 
after 20 seconds 315X10-%, after 40 seconds 315 X 10-56, after 60 seconds 
323 X 105, thus at all times practically the same value. With ethoxyethanol, 
12 experiments were carried out giving the following mean P-values: after 
30—45 seconds 120 X 107%, after 60—90 seconds 11610~°, after 120—180 
seconds 114X 10756. At least a few similar experiments were carried out with 
30 other substances. The result was that in the overwhelming majority of 
cases the P-values are almost independent of the permeation time. There are, 
however, a few conspicuous exceptions to this rule. Thus in the case of 
diacetine, the polyethylene glycols from about tetraethylene glycol on, and 
their ethers and esters, the P-values were found to fall off very considerably 
with increasing permeation time. This is easily understandable. The sub- 
stances just mentioned were probably all contaminated with analogous sub- 
stances of somewhat greater or smaller permeation power. (Thus commercial 
samples of diacetine generally contain admixtures of monoacetine and/or 
triacetine, while the polyethylene glycols are difficult to separate quantita- 
tively from each other.) If this is so, it is only natural that at first pre- 
vailingly the most rapidly penetrating components of the mixture will per- 
meate, giving comparatively high P-values while in longer-lasting experi- 
ments the P-values will be more influenced by the more slowly penetrating 
components. In all these cases there must obviously be some uncertainty as 
to the correct P-value of the substance studied. In what follows, the P-value 
corresponding to about 50 per cent permeation will be used. 

In the case of diethylene glycol, triethylene glycol, and methylpentanediol 
there is an analogous, though less distinct negative correlation between the 
P-values and the permeation time. The samples of these substances were 
thus probably not quite homogeneous either. Besides, a very slight decrease 
of the successive P-values may be due to the fact that the Nitella cells some- 
times show slight deviations from the ideal cylindrical shape. 

(10) Injury. In order to avoid injury of the cells experimented with, only 
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non-plasmolyzing solutions, mostly 0.20—0.25 M, were used. At the end of 
each experiment the turgor of the cell was checked. If the turgor seemed 
reduced, the experiment was discarded. (It was not found possible to use 
plasma streaming'as a criterion of intactness, because the streaming was not 
always distinct enough even in quite healthy cells.) In spite of these pre- 
cautions it is not impossible that a few of the permeability measurements 
recorded on the following pages may refer to cells whose permeability had 
been more or less pathologically increased. (Cf. the next paragraph.) We are, 
however, of the opinion that this objection applies at the very most to a few 
experiments only. In fact, many of the cells experimented with remained 
alive and apparently intact for several weeks. 

(11) Permeability differences between the cells used. The cells used in 
our experiments varied in age, colour, position on the plant, and the milieu 
in which they had grown. It was therefore important to examine how much 
they would vary in permeability, all the more so as each experiment was 
generally carried out with a single cell only. 

The test substances most extensively used for experiments concerning the 
variability of cell permeability were methanol, ethoxyethanol, and 2-methyl- 
2,4-pentandiol. The experiments with methanol were carried out with 24 cells 
at all seasons of the year from September 1951 to November 1953. The mean 
P-value for each cell was found to vary only moderately, viz. from 283 x 10 
to 362X 10%, The standard deviation was 6.9 per cent of the mean. Experi- 
ments with ethoxyethanol on 13 cells (principally in November 1951 and 
November 1952) showed a distinctly greater variation: the P-values varied 
between 90 X 105 and 154 107°, the standard deviation being 15.5 per cent 
of the mean. Finally, in experiments with methylpentanediol as test sub- 
stance, a still greater variation was found: the P-values of 39 different cells 
varied between 95 X10-7 and 2501077, and the standard deviation was as 
great as 20.9 per cent of the mean. 

However, in the case of certain other substances still greater permeability 
differences between different cells occur. Thus it is seen from the data of 
Table 1 that cells 163 and 164 are more permeable to all substances than 
cell 166, but to a very varying degree. Thus the permeability difference is 
only relatively slight (about 10—30 per cent) in the case of methylpentane- 
diol, antipyrin, dimethylcyanamide, butyramide, and propionamide, dis- 
tinctly greater (about 60—80 per cent) in the case of methyl-urea and cyan- 
amide, but much greater (about 200—300 per cent) in the case of urea, 
acetamide, and formamide. There are thus not only quantitative but also 
qualitative permeability differences between individual Nitella cellsi.é,, the 
order of the substances as regards their permeation power is different, 
depending on individual qualities of the cells in question. 
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Table 1. Permeability determinations with three different Nitella cells. The permeability 
is given in cm./sec.x 107. The figures given in parentheses indicate how many times greater 
is the permeability of cells 163 and 164 than that of cell 166. 


À 


| Substance Date Cell 163 Cell 164 Cell 166 
RE MT ee oe Se ee I ee en Le NE 0 A ee nn 
Acetammide- "er. 31.3.53 263 (2.46) 232 (2.17) 107 
Methylpentanediol ... 1.4.53 193 (1.37) 160 (1.13) 141 
Formamide .......... 7.4.53 276 (3.14) 179 (2.30) 88 
INN PRINS +5 2600000 8.4.53 175 (1.18) 180 1822) 148 
Propionamide ....... 9.4.53 82 (1.39) 74 125) 59 
Buty camden essere 11.4.53 142 (1.26) 136 (1.20) 113 
Acetamidessas ere 12.4.53 203 (3.12) 169 2.60 65 
Dimethylformamide ..| 14.4.53 634 (1.41) 616 (1:37 451 
Cyanamide .......... 14.4.53 318 TS) 284 (1.59 179 
eRe Soon 15.41.53 298 (1.75) 286 1.68) 170 
| Methylpentanediol ...| 16.4.53 — — 150 4530 115 
Dimethylcyanamide ..| 17.4.53 1390 (1.09) 1340 1.06) 1270 
Urea nee ra 18.4 53 Test (295) Tedd (202) 0.57 
Methyl-urea ......... 19.4.53 2881.80) 2.75 (1.72 1.60 


In some cases an unusually high permeability seems to be a more or less 
pathological phenomenon, characteristic of cells in a premortal stage. This 
is not, however, always the case. For example, the very permeable cells 163 
and 164 of table 1 showed no sign of injury during the experiments reported, 
and the fact that they showed distinct protoplasmic streaming during about 
one month of successive experiments proves that they were even unusually 
tenacious of life. 

(12) Permeability changes brought about by the permeating substances. 
The literature contains numerous statements as to permeability changes 
brought about by different substances. Even if the validity of most of these 
statements may rightly be questioned, it is, of course, possible that some of 
the substances whose permeation power we have studied may by their mere 
presence have increased or decreased the permeability of the cells experi- 
mented with. This possibility has not yet been systematically examined in the 
case of the Nitella cells. It may, however, be recalled that Collander and 
Barlund (1933 p. 42—48) in their experiments on Chara cells reached the 
conclusion that a number of substances of different kinds did not affect the 
permeability of these cells to any appreciable extent. 

Concluding remarks. The greatest technical difficulties in determining the 
permeability of the Nitella protoplasts are encountered, on the one hand, in 
the case of the most rapidly penetrating substances, because the diffusion 
resistance of the protoplasts is only slightly greater in these cases than that 
of the cell wall and the cell sap. 

On the other hand, great difficulties are also encountered in the case of 
extremely slowly permeating substances like glycerol or pentaerythritol, 
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because the amounts taken up or given off by the cells in a moderate time 
are so very small and therefore difficult to determine exactly. We have also 
to remember that the longer the duration of the experiment, the more free 
play have complications due to active transport, cell metabolism, etc. It 
seems, therefore, hopeless to try to determine the permeability of the Nitella 
cells to, say, sugars or amino acids using the methods employed in this 
investigation. 

A third group of »difficult» substances are those which are contaminated 
with analogous compounds permeating either more slowly or more rapidly 
than themselves. 


But besides these difficulties, which refer to certain substances only, there 
is a source of error which affect not the single permeability determinations 
but their mutual comparability: the permeability differences between the 
individual cells. In order to reduce the uncertainty due to this source of 
error as many experiments as possible were carried out with each cell. From 
the results obtained with one and the same cell it was calculated how many 
times faster the substances A, B, C, etc., permeate than a certain »standard 
substance» S tested on the same cell. The most often used standard sub- 
stances were: (1) methanol for the most rapidly permeating substances, 
(2) ethoxyethanol (abbreviated: ethox) for slightly slower substances, and 
(3) 2-methane-2,4-pentanediol (abbreviated: diol) for most of the rest. The 
values of P-methanol, P-ethox and P-diol were found in numerous experi- 
ments to be on average as 2.6 : 1.0 : 0.15. The mean P-ethox-value was found 
to be 12910~-® cm./sec. From these »standard values» the P-values of all 
the other substances tested on the same cells can be calculated. In the fol- 
lowing the P-values obtained in this way will be called »calculated» P-values 
or P.-values in contrast to the directly measured P;-values. 

As a rule the P.-values should, of course, be somewhat more exactly com- 
parable than the P,-values, if based on the same number of experiments. 
Actually the P.-values in many cases had to be calculated from a somewhat 
smaller number of experiments than the Py-values. It seems therefore un- 
certain whether the P.- or the Py-values are preferable. Besides a few sub- 
stances were tested only on cells whose permability towards no standard 
substances had been studied. In such cases no P,-values were obtainable. In 
the following sections therefore, a compromise has been made in that means 
of the Py- and the P,-values (if available) have been used for all the final 
calculations. 

When starting this investigation we hoped to get P-values substantially 
more exact than those reported by Collander and Barlund (1933). We now 
feel, however, that the P-values arrived at are probably, on average, only of 
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about the same degree of accuracy as those obtained by these authors. But 
by repeating the experiments many times it should be possible to achieve 
considerably more exact mean values. 


Experimental Results 


The results of the permeability determinations are presented below in 
the following way. For each substance it is indicated (1) with how many 
cells (or batches of cells) the experiments were carried out, (2) the number 
of experiments performed, (3) the total number of permeability determina- 
tions (many experiments comprise several successive determinations), and 
(4) the length of the permeation times. After this three figures referring to 
the directly found permeability constants, expressed as cm./sec. X10’, are 
given: the first indicates the minimum P;-value found, the second the mean 
P-value, the third the maximum P;-value. Then some figures are given 
indicating how many times faster the substance in question was found to 
permeate than a standard substance tested on the same cell. Thus in the 
case of deuterium hydroxide the notation »1.74—1.85—2.05 X methanol (6) = 
5980» means that this compound was found in 6 different experiments to 
permeate at least 1.74 times, at most 2.05 times, and on average 1.85 times 
faster than methanol and that the P-value calculated from these determina- 
tions would be 5980. Finally, the figure printed with italics gives the mean 
of Pa and P, (or, when no P,-value is available, the Pg-value used in all the 
later calculations). 


1. Deuterium hydroxide. 2 cells, 8 exp., 8 det., 15”. 6220—6680—7540. 1.74— 
1.85—2.05 X methanol (6) =5980. 6330. 

2. Ethyl acetate. 2 cells, 3 exp., 3 det., 2—30”. 4020—4280—4430. 1.21—1.25— 
1.27 X methanol (3) =4040. 4160. 

3. Methyl acetate. 4 cells, 5 exp., 11 det., 20—60”. 3630—4210—4370. 1.07— 
1.27—1.47 X methanol (5) =4100. 4160. 

4. sec.-Butanol. 3 cells, 3 exp., 7 det., 20—60”. 2920—3270—3660. 0.95—0.99— 
1.07 x methanol (3) =3200. 3240. 

5. Methanol. 24 cells, 36 exp., 70 det., 20-60”. 2730—3260— 3660. 2.14—2.48— 
3.08 Xethox (14) =3200. 3230. 

6. n-Propanol. 3 cells, 5 exp., 9 det., 20—60”. 2980—3230—3640. 0.86—0.97— 
1.13X methanol (5) =3130. 3180. 

7. Ethanol. 3 cells, 5 exp., 9 det., 20—60”. 2840—3040—3400. 0.89—0.91—0.94 X 
methanol (5) =2940. 2990. 

8. Paraldehyde. 3 cells, 3 exp., 5 det., 20—40”. 2290—2740—2990. 0.66—0.83— 
0.93X methanol (3) =2680. 2710. 

9. Urethane. 3 cells, 3 exp., 3 det., 30”. 2330—2460—2550. 0.67—0.70—0.73X 
methanol (3) = 2260. 2360. 
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10. iso-Propanol. 2 cells, 3 exp., 7 det., 20—60”. 1970—2380— 2660. 0.58—0.68— 
0.79 X methanol (3) =2200. 2290. 

11, Acetonyl acetone. 2 cells, 5 exp., 5 det., 30”. 2240—2370— 2480. 0.66—0.68— 
0.72 X methanol (5) =2200. 2290. 

12. Diethylene glycoi monobutyl ether. 2 cells, 3 exp., 3 det., 1—3’. 1430—1540— 
1700. 0.90—0.97—1.0 Xethox (3) =1250. 1400. 

13. N,N-Dimethyl cyanamide. 4 cells, 4 exp., 4 det., 3°. 1270—1500—1990. 7.2— 
9.0—11 Xdiol (4) =1250. 1380. 

14. tert.-Butanol. 4 cells, 4 exp., 6 det., 20—90”. 1210—1350—1500. 0.40—0.43— 
0.47 X methanol (4) =1390. 1370. 

15. Glycerol-1,3-diethyl ether. 2 cells, 3 exp., 3 det., 1’. 1320—1410—1480. 0.89— 
0.95—0.99 Xethox (3) =1230. 1320. 

16. Ethoxyethanol (ethylene glycol monoethyl ether). 13 cells, 29 exp., 59 det., 
30—180". 825—1290—1710. 

17. Methyl carbamate. 2 cells, 3 exp., 3 det., 1’. 1320—1340— 1360. 0.78—0.85— 
0.93 X ethox (3) —1100. 1220. 

18. Triethyl citrate. 2 cells, 4 exp., 8 det., 45—135”. 950—1080—1210. 0.79— 
0.82—0.85 X ethox. (2) =1060. 1070. 

19. Methoxyethanol (ethylene glycol monomethyl ether). 2 cells, 4 exp., 4 det., 2’. 
725—868—964. 0.49—0.60—0.72 Xethox (4) =774. 821. 

20. Triacetin (glycerol triacetate). 3 cells, 3 exp., 3 det., 2’. 694—753—790. 

21. N,N-Dimethylformamide. 3 cells, 3 exp., 3 det., 5’. 451—567—634. 3.3—3.7— 
3.9 X diol (3) =673. 620. 

22. Triethylene glycol diacetate. 3 cells, 3 exp., 6 det., 2—6’. 471—509—535. 

23. Pyramidone. 3 cells, 3 exp., 7 det., 1— 3’. 449—489—552. 0.35—0.41—0.49 X 
ethox. (3) =529. 509. 

24. Diethylene glycol monoethyl ether. 3 cells, 5 exp., 5 det., 305-372 
423. 1.65—1.95—2.35 X diol (5) =355. 364. 

25. Caffeine. 3 cells, 3 exp., 3 det., 8. 267—300—321. 1.71—1.80—1.87 X diol 
(3) =328. 314. 

26. Cyanamide. 3 cells, 6 exp., 6 det., 7’. 170—256—318. 1.48—1.67—1.91 X diol 
(6) =304. 280. 

27. Tetraethylene glycol dimethyl ether. 5 cells, 7 exp., 13 det., 3—20’. 200— 
251—313. 1.25—1.42—1.68 Xdiol (6) —258. 255. 

28. Pinacol. 3 cells, 3 exp., 3 det., 8°. 195—217—234. 1.2—1.2—1.3 Xdiol (3) = 
218. 218. 

29. Diacetin (glycerol diacetate). 4 cells, 6 exp., 8 det., 4—15’. The P-value varies, 
depending on the permeation time, between 131 and 256. 50 °/o permeation cor- 
responds to P=194. 

30. 2-Methyl-2,4-pentandiol. 39 cells, 48 exp., 58 det., 4—18°. 95—176—250. 
0.130—0.147—0.164 Xethox (10) =189. 182. 

31. Antipyrene. 6 cells, 6 exp., 9 det., 2—8’. 148—179—200. 0.88—0.99—1.13 X 
diol (5) —180. 180. 

32. iso-Valeramide. 3 cells, 4 exp., 4 det., 5—7’. 155—166—183. 0.87—1.00— 
1.14 Xdiol (2) =182. 174. 

33. 1,6-Hexanediol. 5 cells, 7 exp., 7 det., 515°. 136—165—211. 0.67—0.94— 


1.2 X diol (6)=171. 168. 
34. n-Butyramide. 4 cells, 6 exp., 6 det., 10’. 113—130—142. 0.59—0.76—0.98 X 


diol (5) =138. 134. 
29 


430 RUNAR COLLANDER 


35. Diethylene glycol monomethyl ether. 2 cells, 3 exp., 5 det., 10-307. 103— 
125—153. 0.71—0.74—0.77 X diol (5)=135. 130. 

36. Trimethyl citrate. 3 cells, 4 exp., 6 det., 4—10’. 96—128—149. 0.062—0.078— 
0.094 X ethox. (2) =101. 115. 

37. Propionamide. 4 cells, 6 exp., 6 det., 10’. 59.1—76.8—84.6. 0.42—0.43—0.46 X 
diol (3) =78.3. 77.6. 

38. Formamide. 6 cells, 6 exp., 6 det., 15’. P-values extremely variable, from 
58 to 276% 10-7. If the results obtained with the most permeable cells (163 and 164) 
are left aside, Pg =58—75—88 X 1077. 

39. Acetamide. 6 cells, 11 exp., 11 det., 10—40’. P;-values extremely variable, 
from 20.3 to 263%X 10-7. If the results obtained with the most permeable cells 163 
and 164 are ignored, P,=20.3—66—107x 1077. 

40. Polyethylene glycol monoethyl ether of mean molecular weight 200 (a sample 
labelled »Polyglycol B 200», furnished by Mo och Domsjö Ab, Stockholm). 12 cells, 
PE. 12 Cr: 10—40". The P-value varies, depending on the permeation time, 
between 42 and 94. 50 °/o permeation corresponds to P=65X 1077. 

41. Succinimide. 3 cells, 3 exp., 3 det. 407, 34.3 46.3 683.2. 030-0.33- 0.36% 
diol (3) =60.1. 53.2. 

42. Glycerol-a-monoethyl ether. 4 cells, 5 exp., 5 det., 40—60’. 30.0—39.7—44.8. 
0.17—0.22—0.24 X diol. (4) =40.0. 39.9. 

43. N,N-Diethyl-urea. 5 cells, 5 exp., 5 det., 40—65’. 26.6—37.4—45.2. 0.19— 
0.21—0.25 X diol (3) =38.2. 37.8. 

44. 1,5-Pentanediol. 3 cells, 3 exp., 8 det., 12—60’. 29.3—33.8—39.5. 

45. Glycerol a-monochlorhydrine. 2 cells, 3 exp., 3 det., Kl, AD — 
30.2. 

46. Dipropylene glycol. 2 cells, 4 exp., 4 det., 40-45’. 24.6—26.6—31.4. 1.6— 
1.9—2.0 Xethylene glycol (4) =34.6. 30.6. 

47. 1,3-Butanediol. 2 cells, 3 exp., 7 det., 40—200’. 19.3—23.6— 29.9. 1.0—1.17— 
1.34 X 2,3-butanediol (2) =25.2. 24.4. 

48. 2,3-Butanediol. 4 cells, 4 exp., 11 det., 20—130’. 17.4—19.7-— 24.7. 0.112— 
0.128—0.138 X diol (3) =23.3. 21.5. 

49. 1,2-Propanediol. 4 cells, 5 exp., 7 det., 1—6 h. 10.7—16.2—23.9. 0.074— 
0.093—0.10 X diol (4) =16.9. 16.6. 

50. N,N-Dimethylurea. 3 cells, 3 exp., 3 det., 2000’. 10.6—11.9—12.8. 0.091— 
0.099—0.11 X diol (3) =18.0. 15.0. + 

51. 1,4-Butanediol. 3 cells, 3 exp., 6 det., 40—180’. 11.8—13.9—16.1. 

52: Ethylene. glycol: 7 cells, 8 exp. 12udets; 90 5407 8212 816.220 060 — 
0.063—0.068 X diol (3) =11.5. 12.2. 

53. Glycerol a-monomethyl ether. 2 cells, 3 exp., 6 det., 30—146. 9.6— 
11.6—14.5. 

54. N,N’-Dimethyl-urea. 3 cells, 5 exp., 5 det., 150—180’. 8.9—10.6—11.9. 0.69— 
0.84—0.93 X N,N-dimethyl-urea=12.6. 17.6. 

55. 1,3-Propanediol (=trimethylene glycol). 4 cells, 5 exp., 9 det., 90—300’. 
8.2—11.3—15.5. 0.95—0.99—1.1 Xethylene glycol (5)=9.59. 10.4. 

56. Ethyl-urea. 4 cells, 4 exp., 4 det., 225—250’. 4.82—6.72—9.48. 0.030—0.036— 
0.042 X diol (3) =6.55. 6.64. 

57. Polyethylene glycol diacetate of mean molecular weight 380. 6 cells, 6 exp 
6 det., 2—5 h. 3.7—6.3—13.6. 

98. Thiourea. 3 cells, 3 exp., 3 det., 5 h. 2.84 3.65 —4.17. 
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59. Diethylene glycol. 5 cells, 5 exp., 7 det., 160—530’. 2.73—3.83—4.54. 

60. Methylurea. 4 cells, 5 exp., 5 det., 5—6 h. 1.60—2.93—4.29. 0.0139 —0.0162— 
0.0188 X diol (5) =3.42. 3.18. 

61. Urea. 8 cells, 8 exp., 8 det., 12 h. 0.57—1.30—2.25. 0.0050—0.0073—0.0099 X 
diol (4) =1.33. 1.32. 

62. Triethylene glycol. 3 cell-samples, 3 exp., 5 det., 5—25 h. The P-values vary, 
depending on the permeation time, between 1.0 and 1.9. 50 °/o permeation cor- 
responds to P=about 1.01077. 

63. Polyethylene glycol diacetate of mean molecular weight 480. 5 cells, 5 exp., 
5 det., 24—48 h. 0.47—0.76—1.1. 

64. Tetraethylene glycol. 16 cells, 16 exp., 16 det., 24—73 h. The P-values vary 
with the permeation time between 0.3 and 0.9. 50 °/o permeation corresponds to 
P=0.71X1077. 

65. Dicyandiamide. 6 cells, 6 exp., 6 det., 24 h. 0.25—0.46—0.73. 

66. 1,2,6-Hexanetriol. 5 cells, 5 exp., 5 det., 25—50 h. 0.36—0.42—0.56. 

67. Hexamethylenetetramine. 4 cells, 4 exp.,.4 det., 12 h. 0.32—0.39—0.50. 

68. Polyethylene glycol monoethyl ether of mean molecular weight 400. 12 cells, 
12 exp., 12 det., 22—142 h. The P-value decreases with increasing permeation time 
from about 0.57X10-7 after 22 h. to about 0.15X10-7 after 142 h. The last- 
mentioned value corresponds to about 50 °/o permeation. 

69. Glycerol. 10 cells, 10 exp., 10 det., 78—96 h. 0.012—0.032—0.040. 

70. Pentaerythritol. 3 cells, 3 exp., 3 det., 90—138 h. 0.0010—0.0019—0.0025. 


The above-listed P-values have been calculated on the basis of equation (1). 
It has already been pointed out, however, on p. 423 that the P-values cal- 
culated in this way do not, in the case of rapidly permeating substances, give 
an exact measure of the permeability of the protoplast itself, for it should 
be remembered that the total diffusion resistance of the cell (Rest) Consists 
of the sii Fen want Borotoplasmt Beeilsan-. If Rorotoplasm IS great, (i.e., if we have 
to do with slowly permeating substances) Riou 1s practically independent of 
Reei wall and Reel sap} in experiments with rapidly permeating substances this 
is not, however, the case. In order to determine Recı wan + Reel sap, diffusion 
experiments were carried out with two Nitella cells which had been killed 
by immersion in hot water. From these experiments the P-values of Table 2 
were calculated using equation (1), although it is realized that this equation 
is not strictly applicable in such cases. (Cf. Collander and Bärlund 1933 
pp. 25—27). It is seen that the P-values of the dead cells decrease regularly 
with increasing molecular weight of the diffusing substances. It is thus 
possible to calculate the Pyead con-values for any substances by graphical 
interpolation. The permeability of the protoplasm alone was then calculated 
using an approximate equation proposed by Wartiovaara (1942) 

1 1 l 


(2) 


Le rotoplasm Piving cell Pacxd cell 


Table 3 contains in the first column the observed Piiying ceu-values, in the 
second column the P-values calculated for dead cells, and in the third column 
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Table 2. Exosmosis from two killed cells (1) 0.56 mm. and (2) 6.63 mm. thick. 


Time |Exosmosis per cent »P> x 104 
Substance M (sec ) 

| cell 1 cell 2 cell i cell 2 | mean 
Methanol ss 32 20 59.2 59.1 7,940 7,030 7,490 
Ethylene glycol ...... 62 20 55.0 50.4 5,580 5,520 5,550 
Glycerols ar: le 92 30 61.0 56.0 4,390 4,300 4,350 

Tetraethylene glycol di- 
methylzethersere..r 222 50 59.2 51.1 2,510 2,250 2,380 
SUCLOSCHER TE 342 60 — 48.0 _ 1,710 1,710 


the Pprotoplasm-values calculated in the manner just indicated. It should be 
noticed that the Pprotoplasm-values of the most rapidly permeating substances 
and especially of the compounds 1—3 and 8 are very approximate only, 
owing to the fact that in these cases the diffusion resistance of the living 
cells is only slightly greater than that of the dead ones. These values are 
therefore given in parentheses. In the case of ethyl acetate the difference 
between the permeability of the living and the dead cells was so small, even, 
that it was not thought advisable to calculate a Pprotoplasm-Value for this sub- 
stance. On the other hand the Pprotoplasm-values of the last 40 substances are 
practically identical with their Pıiving cen-Values. 

Table 3 also contains the molecular weights of the substances studied and 
their partition coefficients in the systems ethyl ether/water and olive oil/ 
water. The first-named coefficients are mostly taken from Collander (1949), 
the last-mentioned either from Collander and Barlund (1933) or from Macy 
(1948). Values marked with an asterisk have not been previously published. 

The permeability of the Nitella cells to some rapidly penetrating non- 
electrolytes was studied some time ago (Collander 1950) using a method 
based on ‘the assumption that the greater the permeation power of a solute 
the smaller is the osmotic withdrawal of water that it will cause. Of the 
substances studied in this way 17 also occur in Table 3, thus making a com- 
parison of the two methods, viz., the indirect (osmotic) and the direct 
(chemical) one possible. Table 4 serves to faciliate this comparison. In the 
middle we have a column showing the relative magnitude of the osmotic 
contractions caused by equimolar solutions of the 17 substances in question, 
the contraction caused by methanol solutions serving as unit. On both sides 
we have the permeability constants. It is seen that the order of the substances 
is roughly the same in all the three columns. This not only corroborates the 
general reliability of the more qualitative permeability determinations car- 
ried out by the osmotic method, but also makes it possible to estimate a 
minimum value for the permeation power of those substances whose per- 
meation has until now only been studied osmotically. Thus the 10 substan- 
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Table 3. Permeability of living cells, dead cells, and living protoplasts to different sub- 
stances, and the molecular weight and partition coefficient of the same substances. 


7 Are 5 
Stanek P X 10 " Partition coefficient 
living cells|dead cells| protopl. ether/H,0| oil/H,O 
1 2 3 4 5 6 7 
1. Deuterium hydroxide .. 6,330 8,500 (25,090) 19 0.018 0.0,7 
2. Ethyl acetate .......... 4,160 4,400 ? 88 | 8.5 2.5% 
3. Methyl acetate ........ 4,160 5,000 | (25,000) | 74. 27 0.43* 
4 seesbulanols....2...2. 3,240 5,000 9,300 74 4.5 0.25* 
Ome Methanolser Tee. 3,230 7,500 5,700 32 0.14 0.0078 
6GEn-Propyanol 2.2.2... a. | 3,180 5,700 7,200 60 1.9 0.13 
1 STERN 2,990 6,600 5,500 46 0.26 0.032 
8. Paraldehyde .......... | 2,710 3,500 | (12,000) | 132 | 8.9% 1.9 
Os Urethaneser «jcc 2. 2,360 4,300 5,200 89 0.64 0.074 
102180 Propanel °°... 2,290 5,700 3,800 60 0.64* 0.047* 
11. Acetonylacetone ....... 2,290 3,300 7,500 144 0.45* 0.081* 
12. Diethylene glycol mono- 

butyllethers. "7.1... 1.400 3,000 2,600 162 151 0.12* 
13. Dimethyl cyanamide . .. 1,380 5,200 1,900 70 0.46* 0.073* 
Itert-Batanol.-...:... 1,370 5,000 1,900 74 2.2 0.23 
15. Glycerol diethyl ether .. 1,320 3,200 2,300 148 0.84 OS: 
16. Ethoxyethanol = .... 1,290 4,400 1,800 90 0.20* 0.019* 
17. Methyl carbamate ..... 1,220 5,000 1,600 75 0.14 0.025 
hosel riethyl citrate: 5.222... 1,070 1,900 2,400 276 4.4 0.50 
19. Methoxyethanol ....... 821 4,900 990 76 0.061* 0.0056* 
DIEERIAGEIHI area 153 2,400 1,100 218 1.4 0.44* 
21. Dimethylformamide 620 5,100 705 73 0.024* 0.0049* 
22. Triethylene glycol di- 

ACER een. : 509 2,200 661 234 0.52* 0.033* 
ZE YFAMIAONE 2... 509 2,300 655 231 0.63 0.26* 
24. Diethylene glycol mono- 

eihyläethernx soc cud 2 oe 364 3,500 406 134 0.064* 0.0060* 
PAS ACERT A 314 2,600 357 194 0.05 0.033* 
26 Eyamamıde 2.02....:.> 280 6,900 292 42 011 0.0045* 
27. Tetraethylene er di- 

meiliyilether ...... 255 2,400 285 222 0.061* 0.0056* 
2ER UMA COM > dec ee eee à 218 3,700 229 118 0.43 
2I@ Diaceinene 2. 20. 194 2,800 209 176 0.22 0.071 
30. Methylpentanediol ..... 182 3,700 | 118 0.51 0.024% 
SUANTIDNTENER EE en ; 180 2,700 192 188 0.073 0.032 
32. iso-Valeramide ........ 174 4,000 182 101 0.17 0.023 
Jou 1,6-Hexanediole......... 168 3,700 177 118 0.12 0.0068* 
34, n-Butyramides. --...... 134 4,400 139 87 0.058 0.0095 
35. Diethylene glycol mono- 

ey He RER: 130 3,600 134 120 0.037 0.0042* 
36. Trimethyl citrate .... 115 2,200 121 234 0.43 0.047 
37. Propionamide.. ...... : 78 5,000 19 73 0.013 0.0036 
885. HOLM AMG egy ans... 75 6,600 76 45 0.0014 0.0,76 
398 Acelamydem rt nee. 66 5,800 66 59 0.0025 0.0,83 
40. Polyethylene glycol mo- 

a 500 Poire 65 2,500 66 200 0.020* — 
41, Succinimnudeser ee sel. 53 4,100 54 99 0.031 ee 
42. Glycerol monoethyl ether 40 3,600 40 120 0.026 En 
43. N,N-Diethyl-urea ...... 38 3,700 39 116 en 0.007 a 
44, 1,5-Pentanediol ........ 34 4,000 34 104 N Da 
45. Dipropylene glycol..... 31 3,500 31 134 0.035 0, 
Gi mme) ay | ate | an so | caso | 001 
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Table 3. Continued. 


1 2 3 4 5 6 7 
| 
ATP Butanediolee nerere 24 4,400 24 90 0.042* | 0.0043* 
4892,3 Butanediolee ern 21 4,400 21 90 0.029 | 0.0034* 
49, 1,2-Propanediol ~~ 35... 17 4,900 17 76 0.018 | 0.0017* 
50. N,N-Dimethyl-urea .... 15 4,400 15 88 | 0.0029 0.0023 
Sl 4 Butanediole "Ferre 14 4,400 14 90 0.019* | 0.0021* 
528 Bthylene glycol Gass... 12 5,600 12 62 0.0053 | 0.0,49 
| 53. Glycerol monomethyl | 
ether RE er 12 3,800 12 106 0.019 0.0026 
54. N,N’-Dimethyl-urea .... 12 4,400 12 88 0.0031 | — 
5521, 3-.Propanediole re... 10 4,900 10 76 0.012 | — 
SO METRYIEURCAREPEErPPECE EE 6.6 4,400 6.6 88 0.0041 | 0.0017 
57. Polyethylene glycol di- | 
ORIG GN) coaconnoaase 6.3 1,400 6:3 380 0.073* | — 
Xe, INOUE, 5.000000. 3.6 4,900 3.6 76 0.0063 | 0.0012 
59. Diethylene glycol ...... | 3.8 3,800 3.8 106 0.0040 | — 
GON Meth] -unealerer rer 3.2 5,000 3.2 74 0.0012 | 0.0,44 
61, Urea a... ee? 1.3 5,700 1.3 60 0.0,47 0.0,15 
62. Triethylene glycol ..... 1.0 3,200 1.0 150 0.0031 — 
63. Polyethylene glycol di- 
acetate GE socancosscee 0.76 800 0.8 480 0.017* | == 
64. Tetraethylene glycol ... 0.71 2,600 0.71 194 0.0024 | — 
658 Dieyandiamıdesr rar. 0.46 4,500 0.46 84 | 0.0029 0.0,47 
66, Hexanetriol "7... 0.42 3,400 0.42 © 134 0.0031* — 
67. Hexamethylenetetramine| 0.39 3,400 0.39 140 | 0.0,26 0.0,21 
68. Polyethylene glycol mo- 
noethyl ether 400 ...... 0.15 1,200 0.15 400 0.0079* — 
I, NEE socostesavoace 0.032 4,300 0.032 92 0.0,66 0.0,7 
(Os Bentaerythritolenere... 0.002 3,400 0.002 136 0.0,30 = 


ces enumerated in Table 5 all cause a »relative contraction» smaller than 0.5. 
It may therefore be concluded with a fair degree of certainty that their 
permeation power must be greater than that of methanol, i.e., their Pprotopiasm 
must be greater (in many cases even mucht greater) than 57001077. From 
the last columns of Table 5 it is seen that their relative lipoid solubilities are 
greater than that of methanol, too. 

Comparison with earlier investigations. Wartiovaara (1949) has very care- 
fully investigated the permeability of the cells of Nitella mucronata to 
methanol, ethanol, n-propanol, and n-butanol. At 20° C. he got the following 
Pprotoplasm-values expressed as cm/sec. 107: methanol 7200, ethanol 7200, 
n-propanol 11700, n-butanol 17500. The absolute P-values found by him are 
thus considerably greater than those found by us. As to the relative permea- 
tion power of the different alcohols (Pethanci taken as unity) there is, however, 
a fairly satisfying agreement as is shown by the following compilation: 


Methanol Ethanol n-Propanol 
Wartlovaata anger rs eres. 1.00 1.00 1.63 


Gollanderees rer eee 1.04 1.00 1.31 
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Table 4. Permeation constants of 17 very rapidly penetrating substances and the relative 
magnitude of the osmotic contractions caused by them. 


ns 


Be 0: 


cel 


| Deuterium hydroxıde.. 
Ethyl acetate 
Methyl acetate 
sec.-Butanol 

fe vetbian oll erum.ccc< 2 255 - 
n-Propanol 
EIHanoOl N. cra, see = cues rc 
Baraldehyder.2....... 
Urethane 
iso-Propanol 
Acetonylacetone ..... 
tert. Bufanol - ........ 
Glycerol diether 
Éfhoxyethanol. 
Methyl carbamate .... 
Triethyl citrate 
Pyramidone . 


Contractions 


Deuterium hydroxide 0.00 


Ethylracetate 77 0.25 
sec- Butanole 2 0.41 
Methyl acetate ..... 0.44 
N-Propanol” ran 0.57 
Paraldehyde ....... 0.82 
Acetonylacetone 0.91 
Methanol mr nern. 1.0 
ethanol gee ae. I 
Urethane) Wk. 1.2 
150-Propanola.2...... 1.3 
tert. Butanoll an... 1.4 
triethyl citrate. -4)- 1.5 
Ethoxyethanol ..... 1.6 
Glycerol diether .... 1.6 
Methyl carbamate 1.8 
Pyramidone 2.264: 2.0 


P protoplasm X 10° 
Eithyl@acetater 2. © 
Deuterium hydroxide 250 
Methyllacetate nr... 250 
Paraldehyder ser... 120 
sec, -Bbutanoll RE EE 93 
Acetonylacetoner. «40D 
IMAP KUN 5 Gos soon 72 
Meinanoles PE EEE 57 
REDANOIEEPEE RER 55 
UÜreibanes were rer 52 
1So-Propanolen. en... 38 
TriethyllZeitratere.e. 24 
Glycerol diether..... 23 
Ethoxyethanol ...... 18 
ie HIG UWUEVNOL 55 560m 0c 19 
Methyl carbamate... 16 
PyYranmidone en. 7 

with 


Table 5. Substances studied osmotically only and found to penetrate the Nitella cells 


Substance 


Nitromethane . 
Acetonitrile 
Propionitrile 
n-Butanol 
Ethyl ether . 
Methylal 

iso-Butanol 
Acetone 
Propyl carbamate . 
Dioxane 


| Contraction M 
0.06 61 
0.16 41 
0.16 | 55 
0.25 74 
0.26 | 74 
0.29 | 76 
0.32 74 
0.35 58 
0.40 103 
0.49 88 


greater rapidity than methanol. 


k 


ether 


Il 
0.60 
2.4 


10 


The other substances tested by us do not seem to have been studied quan- 
titatively as regards their permeation power towards Nitella cells by earlier 


investigators. 


Discussion 


1. Empirically found correlations between the permeation power on the 
one hand and the lipoid solubility and size of the permeating molecules on 
the other. In Figure 1 the permeation constants of the substances tested have 
been plotted against their partition coefficients in the system ethyl ether/ 
water. (Only ethyl acetate and the 10 substances of Table 5 have been 
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40° 


40% 


10? 


40 
4 
40 
x M <60 Figure ds Po osopiaem (cm./sec. 
o M60-120 107) plotted against the par- 
102 e M>120 tition coefficient ether/water. 


The numbers of this and of 
all the following graphs refer 
to the first column of Table 3. 


10 40-2 40-4 4 40 


omitted, since their P-values are not exactly known.) For the sake of clarity 
a logarithmic scale has been used. A straight line has been drawn so as to fit 
the points as well as possible. In scrutinizing Fig. 1 we observe, firstly, that 
there is an obvious positive correlation between the relative ether solubility 
and the permeation power. The latter, however, is not directly proportional 
to the partition coefficient itself, but to a somewhat higher power of it. 
Thus, when the partition coefficient increases 1000-fold, the permeation 


power towards Nitella cells becomes on an average about 10,000 times 
greater. 


It is also seen from Fig. 1 that there exists some kind of negative cor- 
relation between the molecular weight of the permeating substances and their 
permeation power, for all of the points which represent substances with a 
molecular weight below 60 are situated above the median line, while the 
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4071 


10? 


10 


105 


x M <60 


Figure 2. M15-P,otoplasm (€™-/ o M60-120 
. sec.) plotted against the partition e M>120 
coefficient ether/water. 
Correction: The point 70 (left 
lower corner) should be black. 


102 10? 107 1 10 


majority of the substances with a molecular weight greater than 120 is 
situated below this line. 

In order to find out whether the relations between molecular size and 
permeation power are of the same kind as those between molecular weight 
and the diffusion velocity in a homogeneous medium (as suggested by 
Danielli, 1943) we might try to plot PM’? against k. (M denotes molecular 
weight, k the partition coefficient.) In so doing we would find that the 
influence of molecular size on the permeation power is still greater than this 
supposition would imply. Instead, Figure 2 gives a plot of PM! against k. 
The straight line is drawn so as to leave about the same number of medium- 
sized molecules (M—60—120) on each side of it. It is seen that in this plot 
the class of the largest molecules (M > 120) is also fairly evenly distributed 
in relation to the same line. Of the points representing the smallest molecules 
(M <60) the great majority (5 out of 6) are still, however, above the median 
line, one of them (the point for heavy water) even very much so. Figure 2 
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10°! 
10-2 
40-3 h 
10 
x M <60 
o M60-120 
10-5 e M >120 


Figure 3. M1.5-P (cm./ 


protoplasm ps 
sec.) plotted against the partition 


coefficient olive oil/water. 


40-6 40-5 10-4 10-3 40-2 


thus seems to indicate that the permeation power is not only proportional 
to about the 1.3rd power of Kether, but is at the same time inversely propor- 
tional to about the 1.5th power of M, as far as substances with a molecular 
weight between about 60 and 480 are concerned, while in the case of the 
smallest molecules the influence of molecular size is still greater. As to two 
of the most aberrant points of Fig. 2, viz., those of glycerol and pentaerythri- 
tol, it should be noted that owing to great experimental errors, their posi- 
tion, is very uncertain. 


In Figure 3 olive oil has been used instead of ethyl ether as a model sub- 
stance for the unknown plasma membrane lipoids. In order to prevent the 
influence of personal prejudice, the position and slope of the median line 
was this time calculated using the method of least squares. The calculation 
was tentatively based on the assumption that the permeation constant was 
directly proportional to the a:th power of the oil/water partition coefficient 
and inversely proportional to M!. We thus started from the equation 


(Koi)? 


(3) 
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where b is a proportionality constant. Its dimensions are the same as those 
of P. This equation may be written in the form 


log (M!?- P) =a : log koi +log b. (4) 


In this form it was used for the calculation of the median line. In making 
these calculations the substances 1, 2, 3, 8, and 57—70 of Table 3 were left 
out of account, as their P-values are considered to be less exact than those 
of most other substances. The substances with a molecular weight below 70 
were likewise neglected. (All these substances are, nevertheless, represented 
by points in Fig. 3, if only their P- and k,j-values are known.) The result 
of these calculations was that the constant a was found to be=1.32, while 
‘b=6.5 cm./sec. This means that P is proportional to (ka)? and that the 
median line cuts the abscissa at an angle of 53°. The scattering of the points 
is, however, so great that the only thing that can be stated in this connec- 
tion with a fair degree of certainty is that the power of k actually involved 
is greater than k!1 but smaller than k!#. As a measure of the correlation 
between the magnitudes PM!? and (k;1)!*? we may use the correlation coef- 
ficient r. Its value was found to be 0.85. If, however, we take PM! or PM 
instead of PM!, we get r=0.84 or 0.83, respectively. This shows that, 
within the limits now considered (M=70—276), the influence of molecular 
weight is only a slight one. 

A priori, one would perhaps be inclined to expect that olive oil would be 
a considerably better model substance for the plasma membrane lipoids 
than ethyl ether and that the scattering of the points on either sides of the 
median line would thus be distinctly less in Fig. 3 than in Fig. 2. In one 
respect this expectation is in fact realized: the amides permeate for the 
most part more rapidly than one would anticipate from their partition in the 
ether/water system but on an average with a rapidity corresponding fairly 
well to their partition oil/water. (The relatively greater solubility of amides 
in olive oil is at least partly due to the free acid content of the latter.) But 
apart from this one can scarcely say that the points of Figure 3 fit the 
median line much better than the points of Figure 2. 

Figure 4 gives a somewhat more detailed picture of the significance of 
molecular size. In this graph PM!/(k.)'”? has been plotted against mole- 
cular weight. If the permeation power were directly proportional to the 1.5th 
power of M the points representing the different substances should be spread 
along a straight horizontal line. In reality, however, the curve drawn so as 
to fit the experimentally determined points as well as possible is horizontal 
only from M=about 70 towards the right, while at smaller M-values the 
curve rises steeply with decreasing M-values. This graph thus corroborates 
the conclusion drawn from Figs. 2 and 3, namely, that while the permeation 
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power at M-values higher than about 70 is inversely proportional to about 
the 1.5th power of M, at smaller M-values the influence of molecular size 
is still greater. 


Since the time of Overton many investigators have studied the changes in per- 
meation power within homologous series (cf. Collander 1949 and Wartiovaara 1949, 
1950). In our experiments with Nitella many homologous series were represented 
by two or more members. We feel, however, that the exactness of the P-values 
obtained is scarcely great enough to allow a detailed quantitative analysis of this 
question. Suffice it to state, therefore, that the sole cases in which we have found 
that a lower homologue has a permeation power as great as or even somewhat greater 
than a higher homologue of the same series are: (1) methanol vs. ethanol, (2) form- 
amide vs. acetamide, and (3) ethylene glycol vs. trimethylene glycol. In all other 
cases the permeation power was found, in accordance with the views of Overton, 
to increase with increasing length of the carbon chain. 

In this connection attention should also be paid to the peculiar results presented 
in Table 1. They show that the influence of molecular size on permeation power 
depends very much on the special qualities of the individual Nitella cells: some cells 
are distinguished by their extremely great permeability towards small molecules 
like formamide and urea, while their behaviour towards larger molecules is fairly 
normal. This makes it difficult to describe the influence of molecular size on the 


permeation power in such a way that the statements hold good for Nitella cells in 
general. 


There has been some disagreement as to whether the permeation power 
is primarily dependent on the lipoid solubility or on the molecular size. 
Our conclusion that the P-values are, in the case of Nitella, proportional to 
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the 1.3rd power of k, but inversely proportional to a somewhat higher power 
of M may perhaps, at the first sight, seem to favour the view that molecular 
size is a more important factor than lipoid solubility. If, however, we take 
into consideration that the partition coefficients vary between very much 
wider limits than the molecular weights, it is realized that lipoid solubility 
is nevertheless the most important factor in this connection, while molecular 
size is only a factor of secondary significance. 
Finally it should perhaps be explicitly pointed out that the equation 


log (M!5- P) =1.32- log k,at+log 6.5 (5) 


is of course valid solely for Nitella cells and for non-electrolytes. Even so it 
represents a first approximation only. 

2. How are the empirically found correlations between permeation power, 
lipoid solubility, and molecular size to be explained? First of all it should 
be stressed that the negative correlation found between molecular weight 
and permeation power is, in the first place at least, a result of statistical 
significance only. It does not prove that the molecular weight, or the mole- 
cular volume, is a factor directly concerned with the permeation process. 
On the contrary, it may well be, as pointed out by Wartiovaara (1949, 1950), 
that the factor actually concerned is one only indirectly correlated with the 
molecular weight. In fact, if the molecular weight itself were the factor con- 
cerned one would not expect such a great scattering of the points as that 
found in the right half of Figure 4. 

In this connection the shape of the permeating molecules may also be of 
importance. This point of view suggests itself when we find that richly 
branched molecules, such as those of tert.-butanol, triacetin, and trimethyl 
and triethyl citrate, all seem to permeate somewhat more slowly than their 
lipoid solubility and molecular weight alone would lead one to expect. The 
data now available are, however, scarcely sufficient to settle this point 
definitely. 

In any case the considerable increase of the permeation power with de- 
creasing molecular weight is scarcely in harmony with the view that the 
plasma membrane behaves towards permeating molecules like a homo- 
geneous, isotropic medium. We do not venture, however, to say just what 
our results indicate about the structure of the plasma membrane. 

It may also, perhaps, be questioned whether the positive correlation be- 
tween lipoid solubility and permeation power is conclusive proof of the view 
that the permeating molecules enter the protoplasts by dissolving in the 
plasma membrane lipoids. In fact, if, like Ullrich (1948), we define the 
dissolution phenomena as a dispersion of material in an isotropic medium 
which is not affected by surface forces, then we must of course say that the 
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permeation of substances through the plasma membrane is not a dissolution 
process, for after all the plasma membrane is neither isotropic in structure 
nor unaffected by surface forces. On the other hand, it is fairly certain that 
the permeation process consists of events which are at least very closely 
connected with solubility: the penetration of molecules through the plasma 
membrane is probably in the first place controlled by intermolecular forces 
of quite the same sort as those which control the partition of a solute between 
two mutually immiscible solvents. At least from a pragmatic standpoint it 
thus seems reasonable to state that the permeating molecules behave very 
much as if they were compelled to dissolve in a lipoidal solvent. 

The fact that the permeation power (as far as Nitella cells are concerned) 
is not directly proportional to the partition coefficients Kether OT Kolive où them- 
selves but to a somewhat higher power of these, seems to indicate that the 
plasma membrane lipoids of these cells are somewhat more hydrophobic 
(i.e., more markedly non-polar) than ethyl ether or olive oil. For it is known 
that the more hydrophobic is the non-aqueous solvent in question, the more 
partition coefficients of different solutes between non-aqueous solvents and 
water differ from each other. Thus Collander (1947) found that the parti- 
tion coefficient of propionic acid is 4.7 times greater than that of malonic 
acid in the system butanol/water, 8.5 times greater in octanol/water, 16 times 
greater in oleyl alcohol/water, and so on. 

3. The permeability of Nitella as compared with that of Chara and Nitel- 
lopsis. Of the substances whose permeation power as regards Nitella cells 
we have studied, 27 had been tested on Chara cells by Collander and Barlund 
(1933). Later on the permeability of Chara cells to the following substances, 
too, has been determined in this laboratory: 


| Poel x10’ ne X 10? 
hriethylemesslycolediacetatesege etre 921 1590 
Diethyvienerely.colem res PR RE 104 107 
Polyethylene glycol diacetate 380 ........ 30 30 
hnieth'ylenes e]y:co les PRE 26 26 
Metraethiyleness ly co llega ante 12 12 


(Further particulars will be given elsewhere.) Moreover, Wartiovaara (1942, 
1944) had studied the behaviour of 10 of the substances in question towards 
cells of Nitellopsis obtusulus (=Tolypellopsis stelligera). Figure 5 shows 
the permeability of these protoplasts as compared with that of Nitella. It is 
seen that the main permeability properties are very much the same in all 
these species, except for one major difference: the permeability constant 
values for different substances lie relatively far from each other in the case 
of Nitella, distinctly closer in the case of Nitellopsis, and still closer in the 
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case of Chara. Thus, to quote one example only, in Nitella the permeability 
to methanol is 180,000 times, in Nitellopsis 21,000 times, and in Chara only 
2,600 times greater than that of glycerol. As seen from Figure 5 it is possible 
to calculate the permeability constants of Nitellopsis and Chara from those 
of Nitella using the following approximate equations: 


log Pyitellopsis= 0.86 : log Pxitena + 0.60 (6) 


and 
log Dar ö log Pxitella + 1.20. (7) 


The P-values for Nitellopsis are thus roughly proportional to (kai) "5%, while 
those of Chara are approximately proportional to the oil/water partition coef- 
ficient itself. 

The simplest explanation of these differences between Nitella, Nitellopsis, 
and Chara seems to be that the plasma membrane lipoids of these algae 
differ regarding their degree of hydrophobia, those of Chara being the least, 
those of Nitella the most hydrophobic. 

Fig. 5 looks very much like Fig. 3 of Bogen (1950). The similarity is, 
however, of a rather superficial nature. The thesis proposed by Bogen was 
that if the permeability of one type of cell to a certain substance is known, 
then it is possible to predict the permeability of the same type of cell to 
other non-electrolytes also. On the other hand, the conclusion to be drawn 
from our Fig. 5 is that if the permeability of one type of cell to a certain 
substance is known, then the permeability of cells of the other characean 
species to the same substance may be calculated in advance. 
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Summary 


The permeability of the internodal cells of Nitella mucronata to 70 non- 
electrolytes has been determined by quantitative chemical analyses of the 
amounts taken up or given off by single cells at 20° C. in definite intervals 
under the influence of a concentration gradient of known magnitude. The 
permeability.of the protoplast alone has also been calculated. 

The permeation power towards Nitella protoplasts is found to be roughly 
proportional to the 1.3rd power of the partition coefficient in the system 
ether/water or, still more closely, to about the same power of the olive 
oil/water partition coefficient. On the other hand, it is inversely proportional 
to about the 1.5th power of the molecular weight. The permeation power of 
the smallest molecules is, however, greater than these statements would 
imply. 

The permeability properties of Chara and Nitellopsis are on the whole 
very similar to those of Nitella, except for one consistent difference: the 
P-values for Nitellopsis are approximately proportional to (Kolive où), those 
for Chara to the oil/water partition coefficient itself. These permeability 
differences are probably due to differences in the degree of hydrophobia of 
the plasma membrane lipoids. 


Thanks are due to the Carbide and Carbon Chemicals Corporation, New York, 
and to Mo och Domsjö Ab., Stockholm, for kindly supplying us with samples of 
polyethylene glycols and their monoeihyl ethers, and to Ab. Centrallaboratorium, 
Helsingfors, for preparing the diacetates of some polyglycols. I am also indebted 
to Professor M. G. Stalfelt, Stockholm, for the original culture of Nitella mucronata 
and to Mr. Martti Reinilä for help with the mathematical side of this investigation. 
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Eiweiss-Abbau durch Acridinorange bei Hefezellen 


Von 


Hans J. BOGEN und MARGARETE KESER 


Botanisches Institut der Universitat Marburg/Lahn 
(Eingegangen am 8. Marz, 1954) 


A. Einleitung 


In einer früheren Veröffentlichung (Bogen 1953) konnte mitgeteilt wer- 
den, daß der Fluoreszenzfarbstoff Acridinorange (AO) in der meist verwen- 
deten Konzentration 10? g/m] auf Hefezellen eine starke Giftwirkung aus- 
zuüben vermag, die sich bei großem Farbstoffangebot (geringe Suspensions- 
dichte der Hefe) u.a. in einer vollständigen Hemmung des Stoffwechsels und 
Wachstums äußert. Die Behauptung von der »völligen Inturbanz» der 
AO-Färbung, die in der deutschen Literatur mehrfach aufgestellt wurde und 
als Grundlage eines färberischen Testes auf den Lebenszustand von Zellen 
aller Art diente (Strugger 1944, 1949, Kölbel 1947), erscheint danach wenig- 
stens für Hefezellen widerlegt. Andererseits reihen sich die o.a. Ergebnisse 
offensichtlich jener großen Zahl von Befunden ein, die an den verschieden- 
sten Objekten über nachhaltige Eingriffe der Acridinderivate in die Lebens- 
vorgänge erhoben wurden (z.B. Abtötung von Stechmückenlarven: Schild- 
macher 1950, von Molchlarven: Weissmann 1953; Inaktivierung von Bak- 
terien: Stein 1953; Gössner 1951; Hinshelwood u. Mitarb. 1952; Hemmung 
der Atmung: O’Connor 1949; Blockierung der Acetylcholinwirkung und 
Lösen der Eiweißkontraktur: Müssbichler 1951; Mitosestörungen: Rondoni 
u. Necco 1951; Betz 1953; D’Amato 1952; Mitochondrienzerfall: Stockinger 
1952; Auslösung von Mutationen durch Verhinderung der Cytochromoxydase- 
Bildung in den Mitochondrien: Ephrussi u. Mitarb. 1951). 

Die Vielfalt dieser Effekte, zu der sich noch das breite Wirkungsspektrum 
der verwandten Stoffe Trypaflavin, Atebrin usw. gesellt, läßt vermuten, daß 
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die Acridinfarbstoffe nicht »spezifisch» in periphere Auszweigungen speziel- 
ler Reaktionsketten eingreifen, sondern zentrale Stoffwechselgebiete betref- 
fen, etwa den Eiweißumsatz. Es erschien daher wünschenswert, an dem 
methodisch so gut geeigneten Saccharomyces cerevisiae zu untersuchen, 
inwieweit unter der Einwirkung von Acridinorange qualitative und quantita- 
tive Veränderungen im Gehalt an Eiweiß und an Aminosäuren auftreten, die 
dann gegebenenfalls auch zu einer Analyse des Proteinstoffwechsels heran- 
gezogen werden Können. 

Die vorliegende Mitteilung berichtet über einen ersten Schritt in dieser 
Richtung. Wir haben dabei feststellen können, daß je nach den Versuchs- 
bedingungen in kürzester Zeit mehr als die Hälfte der Zellproteine zu Amino- 
säuren abgebaut werden, die dann, infolge partieller Aufhebung der Semi- 
permeabilität, in der Suspensionsflüssigkeit erscheinen. 


B. Material und Methode 


Als Versuchsmaterial diente handelsübliche Preßhefe, die jeweils frisch vom Liefe- 
ranten bezogen und sofort verarbeitet wurde. Wir benutzten ausschließlich Suspen- 
sionen in destilliertem Wasser, und zwar 1 g Hefe auf 50 bzw. 500 ml Wasser (im 
folgenden als Suspensionsdichte 1:50 und 1 : 500 bezeichnet). Diese Suspensions- 
dichten entsprechen etwa den Verdünnungsstufen 1:16 und 1:64 (Bogen 1953); 
sie wurden ausgewählt, damit im ersten Falle knappes Farbstoffangebot (vorwiegend 
Grünfluoreszenz der Zellen), im anderen Falle Farbstoffüberschuß vorlag (95 — 
100 °/o Rotfluoreszenz). 

Zum Abtöten der Heïezellen wurden die Kolben mit der Suspension in kochendes 
Wasser eingestellt (15 min. nachdem die Temperatur im Kolben 95° C erreicht 
hatte). 

Als Farbstoffe wurden verwendet 

1. Acridinorange »für Mikroskopie und Bakteriologie» (Merck). 

Dieser Farbstoff liegt als Zinkchlorid-Doppelsalz vor; aus den Ergebnissen einer 
Elemenataranalyse ließ sich folgende Zusammensetzung berechnen: 

29,8 °/o Acridinorange, 

15,3 %o ZnCl,, 

54,9 °/o BaCl, (als »Stellsalz»). 

Veraschungsversuche zeigten, daß der Acridinstickstoff mit der Mikromethode 
nach Kjeldahl quantitativ erfaßt wird. 

2. Acridinorange, gereinigt nach der Vorschrift von Zanker (1952) 

3. Methylgriin (Merck). 

Die Konzentration der Farbbäder betrug 0,01 °/o, d.h. 100 mg Farbstoff pro Liter 
Wasser (»1: 10000»). Für die Untersuchungen wurde die abgewogene Hefemenge 
anstatt in destilliertem Wasser in den entsprechenden Farblösungen suspendiert. 

Abzentrifugieren der Hefe 45 min mit 3000 U/min (1:500) bzw. 30 min mit 
5000 U/min (1:50). Bei 1:500 konnte in der angegebenen Zeit eine vollständige 
Sedimentierung nicht erzielt werden. Um die Versuchszeiten möglichst gering zu 
halten, wurde daher nicht noch länger zentrifugiert, sondern die überstehende 
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Lösung durch einen Porzellanfiltertiegel (A,) und Asbest filtriert. Sie war danach 
völlig frei von Hefezellen. 

Die abzentrifugierte Hefe wurde 24 Std. bei 75° C im Thermostaten getrocknet, 
danach im Mörser mit gereinigtem Quarzsand bis zu Zerstörung der Zeliwände 
(mikroskopische Kontrolle) zerrieben. 

Die so zerkleinerte Hefe wurde mit 25 ml 70 °/oigem Alkohol stufenweise extra- 
hiert und als »Alkoholauszug» vom Rückstand abzentrifugiert (30 min mit 5000 
U/min), im Vakuum zur Trockne eingedampft und vom Rückstand getrennt weiter- 
verarbeitet. 

Quantitative N-Bestimmungen nach der Mikromethode von Kjeldahl (Klein 1931, 
modifiziert nach Gedigk 1952), jeweils in der Suspensionsflüssigkeit, im Alkohol- 
auszug (beide zusammen=Fraktion der freien Aminosäuren, im folgenden als »FAS- 
Fraktion» bezeichnet) und im unlöslichen Rückstand (»Eiweißfraktion»). 

Zur Berechnung des Trockengewichtes der Aminosäuren aus der Suspensions- 
flüssigkeit wurde die Zahl der mg N multipliziert mit dem Faktor 6,25 (Menke 1938, 
Chibnall 1939); es wurde zum Trockengewicht der Hefesubstanz addiert. 

Zur Kontrolle der nach dem Versuch im Farbbad und im Alkoholauszug ver- 
bliebenen Farbstoffmengen wurde die Farbstoffkonzentration im Pulfrich-Photo- 
meter an Hand entsprechender Eichkurven bestimmt. Verwendete Spektralfilter: 
S 47 (für AO in Wasser), S 50 (für AO in 70 °/oigem Alkohol) und S 61 (für 
Methylgrün). 

Die AO-Menge im Eiweiß wurde berechnet aus der Differenz aus Gesamtmenge 
(eingewogen) und Summe aus AO-Menge in Suspensionsflüssigkeit+ Alkoholauszug + 
durch Filtrieren entstandener Verlusi. Letzterer ist sehr gering und konnte daher 
nicht in allen Fällen mit der gewünschten Genauigkeit bestimmt werden. 

Die in den Tabellen aufgeführten Zahlen stellen Durchschnittswerte aus 4 Paral- 
lelversuchen (zu verschiedenen Zeiten) dar; die Fraktionen eines jeden Einze!ver- 
suches wurden in mehreren Teilproben getrennt verascht, destilliert, kolori- 
metriert usw. 


Qualitative Untersuchungen über die Aminosäuren 


Papierchromatographisch, 2-dimensional nach Consden, Gordon u. Martin 1944 
auf Whatmann Nr. 1 und Schleicher & Schiiil Nr. 2043 a. Lösungsmittel: n-Butanol + 
Eisessig + Wasser 2:1 : 1 mit Zusatz von 0,5 °/o Harnstoff (1.Dimension) und »Col- 
lidin» (Collidin+Lutidin+ Wasser 1:1:2, n. Dent 1948) (2.Dimension), abstei- 
gend. Identifizierung der einzelnen Aminosäuren durch RF-Wert, mitwandernde 
Test-Aminosauren, Färbung mit Ninhydrin und spezifische Einzeltests. Insbeson- 
dere wurde auf w-Aminosäuren geprüft (Kupferkarbonat-Methode nach Crumpler 
u. Dent 1949): Aufsteigende Chromatographie (Williams u. Kirby 1948), für die 
1.Dimension anstelle von Butanol-Eisessig Phenol (70 ml geschmolzenes Phenol 
mit 25 ml Wasser gemischt verwendet wurde die Phenolphase). 

Es wurden ebenfalls Suspensionsflüssigkeit, Alkoholauszug und Eiweißfraktion 
papierchromatographisch analysiert. 

Die in der Hefe enthaltenen Salzmengen rufen bei der Herstellung der Chromato- 
gramme erhebliche Störungen hervor (Verzeichnungen und Verlagerungen der 
Flecken); daher wurden die verschiedenen Fraktionen jeweils durch Entsalzung ge- 
reinigt. Apparatur nach Consden et al. (1947) in der vereinfachten Form von 
Decker (1950). Dauer der Entsalzung bei 220 V Gleichstrom und Zwischenschaltung 
eines Widerstandes von 380 Ohm: 1—2h, — Zahl der Chromatogramme: 157. 
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Tab. 1. Hefesuspensionen 1:50, lebend (1), hitzegetötet (2) und mit AO 0,01 °/o 12 Stunden 
angefärbt (3—5). N-Gehalt der 3 Fraktionen und Gesamt-N (a—d) sowie Trockengewicht 
der abzentrifugierten Hefe (e) und Trockengewicht + Trockengewicht der Aminosäuren aus 
der Suspensionsflüssigkeit (mg N aus Zeile d x 6,25) (f). Alle Werte in mg. bzw. Prozenten. 


| | 9 angefä rbt m 


RS 


it Acridinorange 


1 


igenschaft der Suspension lebend ungefärbt 


hitzegetötet 3 4 


a) Gesamt-N (mg) ......... 119,92 = 100,0 9/0/18,30 — 100,0 °/o| 18,50 | 0,23 


ungefärbt Gesamt AO-N Gesamt-N 


5 


minus AO-N 


18,27 = 100,0 0/0 

b) Eiweißfraktion, mg N ....115,96 = 80,0 %0115,05 = 80,0 %o| 12,66 | 0,06 |12,60— 69,0 0/0 
c) Alkoholauszug, mg N....| 3,76= 18,9 Yo) 0,35 —= 1,8 Yo) 5,29 | 0,14 | 5,15= 28,2 Yo 
dj Suspensionstl. mg N -.... | 0,20== 1,1.%0 3,40= 18,2 %0 0:55.) 0,03 | 0,52= 2,8 %o 
e) Trockengewicht mg ..... 341,6 | 263,9 256,5 
f) Trockengewicht + Amino- | 

säuregehalt d. Suspensions- 

AL RARE Popes Sos, oats ano pas laos | 342,9 285,2 259,8 


C. Versuchsergebnisse 


I. Quantitative Untersuchungen 


a) Suspensionsdichte 1 : 50 


1. In der lebenden, ungefdrbten Hefe liegen 80 °/o des Gesamt-N als 
Eiweiß-N vor. Die Fraktion der freien Aminosäuren enthält 20 °/o. Sie bleiben 
größtenteils in den Zellen (18,9 °/o N); nur 1,1 °/o N werden in der Suspen- 
sionsflüssigkeit gefunden (Tab. 1, Spalte 1). 

2. Durch die Hitzetötung wird der N-Gehalt der Eiweißfraktion der unge- 
färbten Hefezellen nicht verändert. Dagegen erscheinen die freien Amino- 
säuren nunmehr fast vollständig in der Suspensionsflüssigkeit (18,2 °/o des 
Gesamt-N), und nur 1,8 °/o N verbleiben in den Zellen. Der Befund läßt sich 
zwanglos mit der Aufhebung der Semipermeabilität, wie sie nach der Ab- 
tötung zu erwarten ist, erklären (Tab. 1, Spalte 2). 

3. AO-gefärbte Hefe, Färbedauer 12 Std.: Das Eiweiß enthält anstatt 80 
nur noch 69 °/o des Gesamt-N. Obgleich in der verwendeten Suspensions- 
dichte 1:50 Farbstoffmangel herrscht, ist bereits 1/7 der Zellproteine ab- 
gebaut worden. Die FAS-Fraktion ist auf Kosten der Proteine von 20 auf 
31 %o des Gesamt-N erhöht worden. Sie verbleibt zu °/ıo in den Zellen 
(28,2 % N); 1/10 erscheint im umgebenden Medium (2,8 %/o N). Die Semi- 
permeabilität ist somit, wenn überhaupt, nur geringfügig gestört (» Perme- 
abilitätserhöhung»). (Tab. 1, Spalten 3—5). 

Bemerkenswert ist ferner die Abnahme des Trockengewichtes. Sie ist be- 
reits nach der Abtötung zu verzeichnen und wird durch AO-Einwirkung 
noch verstärkt. Sie zeigt, daß bei der Abtötung und unter dem Einfluß des 


u 
a 
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Tab. 2. Hefesuspension 1 : 500, sonst wie in Tab. 1. 


| 9 | angefärbt mit Acridinorange 
é c il 2 x 3 | 5 
Eigenschaft der Suspension een ungefärbi) N | nee m * | es 
| à eros minus AO-N 
| | | | | 
EGesame Na mo) rer 119,87 = 100,0 0/0,19,07 — 100:020/0m20/5001m2;3 118,25 = 100,0 Yo, 
)E Biweiß- N meer 16,02 = 80,5 V0 15,26 — 80,0 Vo 6,40 | 0,89 | 5,51 = 30,2 0/n 
) Alkoholauszug mg N ....| 3,45— 17,4 9%] 0,23— 1,2 00 7,58 | 0,87 | 6,71 = 36,8 0/0 
) Suspensionsfl. mg N.....| 0,40— 2,1 '/u] 3,58 = 15,8 0/0! 6,58 | 0,55 | 6,03 — 33,0 Wo 
) Trockengewicht mg .....| 287,6 DEL 206,8 
) Trockengewicht + Amino-| 
säuregehalt d. Suspensions- | 
Pe ee ee 290,1 | 254,7 244,3 


Farbstoffes auch ansehnliche Mengen N-freier Substanzen die Zellen ver- 
lassen. Über die Untersuchung dieser Stoffe soll an anderer Stelle berichtet 
werden. 


b) Suspensionsdichte 1 : 500, Färbedauer 12 Std. 


Die Verteilung des Stickstoffs auf die 3 Fraktionen ist bei lebender und 
hitzegetöteter Hefe die gleiche wie in der höheren Suspensionsdichte 1 : 50. 
Auffällig sind dagegen die Differenzen bei der gefärbten Hefe. Bei gleicher 
AO-Konzentration, aber geringerer Zellzahl liegt hier genügend Farbstoff 
vor, um die Zellen bis zur Rotfluoreszenz anzufärben. Die in der höheren 
Dichte in geringem Ausmaß beobachteten Veränderungen (Eiweißabbau und 
Störung der Semipermeabilität) sind dadurch erheblich verstärkt worden: 

1.) Die Eiweißfraktion enthält nunmehr 30 °/o N (statt 80 %/o N bei der 
ungefärbten Hefe); d.h. weit über die Hälfte der Zellproteine (62,5 °/o) sind 
unter der Einwirkung des AO abgebaut worden (Tab. 2, Sp. 3—5). 

2.) Die FAS-Fraktion ist von 20 auf 70 °/o (des Gesamt-N) angestiegen. 
Sie verteilt sich etwa zu gleichen Teilen auf Suspensionsflüssigkeit (47,3 °/o) 
und Alkoholauszug (52,7 °/o). Die Semipermeabilität ist weitgehend aufge- 
hoben. Immerhin ist sie noch partiell wirksam, weil die Aminosäuren 
nicht bis zum Konzentrationsausgleich in die Suspensionsflüssigkeit (deren 
Volumen ja ein Vielfaches der Zellvolumina beträgt) übergetreten sind. 
(Tab. 2, Sp. 3—5). 


c) Der zeitliche Ablauf des Eiweißabbaues. 


Um die Abbaugeschwindigkeit zu prüfen, wurden analoge Färbeversuche 
der Suspensionsdichte 1 : 500 bereits nach 1/2, 1, 21/2 und 4 1/2-stündiger 
Färbedauer abgebrochen und die drei Fraktionen auf ihren N-Gehalt unter- 
sucht. Anstelle der genauen Analysendaten seien die Ergebnisse graphisch 
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ZUGABE VON 
ACRIDINORANGE 
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EIWEISS — N 


ALKOHOLAUSZUG N 


O 1 2 3 4 5 6 7 8 9 10 11 12STD 


Abb. 1. Veränderung des N-Gehaltes der Eiweissfraktion (——), des Alkoholauszuges (— —) 
und der Suspensionsflüssigkeit (----) einer Hefesuspension 1:500 nach Zugabe von 
Acridinorange 10? g/l (4). 


wiedergegeben (Abb. 1). Daraus geht hervor, daß der Proteinabbau bereits 
nach halbstündiger Anfärbung praktisch beendet ist; in den darauffolgen- 
den 11 1/2 Stunden wird kein weiteres Eiweiß mehr abgebaut. 


Es hat vielmehr sogar den Anschein, als ob von der 1. bis zur 4. Stunde 
vorübergehend wieder etwas Eiweiß resynthetisiert würde. Dieser Anstieg 
in der Menge des Eiweiß-N könnte mit einer Bildung von (adaptativen) 
Enzymen auf Kosten der freien Aminosäuren erklärt werden, im Sinne von 
Halvorson und Spiegelman (1953); er ist indessen nach den bisher vorlie- 
genden Versuchsdaten nicht signifikant. 

Die entstandenen Aminosäuren hingegen werden nur langsam in die Sus- 
pensionsflüssigkeit abgegeben. Da dieser Prozeß nach 12 Stunden offensicht- 
lich noch nicht beendet ist, kann die Semipermeabilität nicht vollständig 
aufgehoben worden sein. 


In einem hier anzuschließenden Versuch wurden einer gefärbten Hefesuspension 
(Dichte 1 : 500, AO-Konzentration 0,01 0/0, Versuchsdauer 12 Stunden) zu Versuchs- 
beginn 2,90 mg N in Form eines Aminosäuregemisches zugegeben (»Aminopur”, 
Uvocal, Hamburg). Die dadurch erzielte höhere Konzentration in der Umgebung 
drückt die Abgabe von Aminosäuren auf etwa die Hälfte herab. Diese Abgabe ist 
also abhängig vom Konzentrationsgefälle der Aminosäuren und kann daher als 
Excsmose bezeichnet werden. 
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Tab. 3. Hefesuspension 1:500, 12 Stunden mit Methylgrün (0,01 °/o) angejärbt. N-Gehalt 

der 3 Fraktionen und Gesamt-N sowie Trockengewicht der abzentrifugierten Hefe und 

Trockengewicht + Trockengewicht der Aminosäuren aus der Suspensionsflüssigkeit. Alle 
Werte in mg bzw. Prozenten des Gesamt-N. 


eS 


Eigenschaft der Suspension ungefarbt gefärbt mit Methylgrün 
a) Gesamt-N in mg....... ner 19,87 = 100,0 %o 17,82 = 100,0 0/0 
TON TENE? | po oncoenaco sue 16,02 = 80,5 %o 11 34— 6356) 2/0 
c) Alkoholauszug, mg N .......... 3,45 17,4 00/0 6,08 = 34,1 Vo 
d)\Suspensionsil mg N... Ques: al OG | 0,40 522732070 
e) Trockengewicht mg ........... 287,6 | 319,4 
f) Trockengewicht + Aminosäure- 

gehalt d. Suspensionsfl. mg..... 290,1 321,9 


Versuche mit gereinigtem AO erbrachten prinzipiell gleiche Ergebnisse; geringe 
quantitative Differenzen können auf unvollständige Reinigung und daraus resul- 
tierende Erniedrigung der AO-Konzentration zurückgeführt werden. 


d) Färbung mit Methylgrün 


Der Eiweißabbau, wie er nach AO-Färbung eintritt, ist keineswegs als direkte 
Proteinhydrolyse aufzufassen, sondern muß wohl als Synthesehemmung interpre- 
tiert werden (s.u.). Das überraschend große Ausmaß, das er bereits nach kurzer 
Zeit annehmen kann, liess es als möglich erscheinen, daß er nicht nur durch AO, 
sondern auch durch andere »Vitalfarbstoffe» hervorgerufen werden kann, wenn 
auch in geringerem Maße. Um hierüber einen ersten Anhaltspunkt zu gewinnen, 
haben wir analoge Untersuchungen mit Methylgrün durchgeführt, das als Nuclein- 
säure-Färber bekannt ist und auch aus diesem Grunde deutliche Effekte erwarten 
liess (Blockierung von Nucleinsäure-»Matrizen», die für die Proteinsynthese be- 
nötigt werden). 


Eine Hefesuspensionen 1:500, 12 Stunden mit Methylgrün 0,01 °/o in 
destilliertem Wasser angefärbt, weist folgende Analysendaten auf (Tab. 3): 

In der Tat bewirkt auch das Methylgrün einen Proteinabbau: der Eiweiß-N 
wird von 80 °/o auf 64 °/o des Gesamt-N vermindert. Damit unterscheidet 
sich der Abbaueffekt des Methylgrün von dem des Acridinorange nur durch 
das geringere Ausmaß, nicht aber prinzipiell. 

Anders verhält es sich mit der Semipermeabilität: die beim Abbau ent- 
standenen Aminosäuren verbleiben hier in den Zellen; die Semipermeabilität 
wird fast nicht beeinträchtigt, während sie durch AO stark gestört wird. 
Das mag als Hinweis dafür gewertet werden, daß die Proteinsynthese 
außerordentlich empfindlich gegen verschiedene Farbstoffe ist und den 
eigentlichen Angriffspunkt darstellt, wohingegen die Permeabilitätsverände- 
rung ein sekundärer Effekt ist. — Bemerkenswert erscheint in diesem Zu- 
sammenhange, daß das Trockengewicht hier nicht abnimmt. Offenbar ver- 
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Tab. 4. Hefesuspension 1 : 500, 12 Stunden mit einem Farbstoffgemisch auf 0,01 °/o Acridin- 
orange und 0,01 °/o Methylgrün angefärbt, sonst wie in Tab. 3. 


Eigenschaft der Suspension re | Acridinorange | Methylgrün 
ar Gesamt-N In mS........2. 18,84 — 100,0 %o 18,25 = 100,0 Vo | 17,82 = 100,0 0/0 
b) EiweiB-N inmz......... 340— 18,1 % | 5,51— 302% | 1134— 63,6 % | 
c) Alkoholauszug, mg N ....| 10,96— 58,1 Vo 6,71 = 36,8 0/0 6,08 = 34,1 0/0 
| d) Suspensionsfl. mg N ..... 4,48 — 23,8 0/0 es ssh) Od 0,40— 2,3 %%/0 

e) Trockengewicht mg ..... 288,1 206,8 319,4 
f) Trockengewicht + Amino- 

säuregehalt d. Susp. Fliiss. | | 

RE Ge Ce core 316,0 244,3 32169 


hindert die normale Semipermeabilität der Grenzschichten auch den Austritt 
anderer, N-freier Substanzen. 


e) Kombinationsfärbung mit Acridinorange und Methylgrün 


Besonders aufschlußreich ist das Ergebnis einer Kombinationsfärbung, in 
der AO und Methylgrün gleichzeitig geboten wurden, beide in 0,01 ‘/oiger 
Lösung. Suspensionsdichte wieder 1:500, Dauer der Färbung 12 Std. 
(Tabelle 4). 

Während nach AO-Farbung 62,5 °/o der Proteine (von 80 auf 30 °/o N) und 
nach Metylgrünfärbung 20 °/o der Proteine (von 80 auf 64 % N) abgebaut 
werden, sind es nach der Kombinationsfärbung 77,5 °/o, d.h. mehr als 3/4 der 
gesamten Zellproteine verschwinden. Das weist deutlich auf eine Additivität 
der Abbaueffekte hin. Andererseits wird die Semipermeabilität in der Misch- 
lösung weniger stark betroffen als in der reinen AO-Lösung. In dieser ver- 
teilten sich die freien Aminosäuren etwa zu gleichen Mengen auf Suspen- 
sionsflüssigkeit und Zellen, während nach der Kombinationsfärbung 58 %/o 
des Gesamt-N im Alkoholauszug und nur 24 °/o in der umgebenden Lösung 
aufgefunden werden. Auch die absolute Menge an Aminosauren in der 
Suspensionsflüssigkeit ist geringer. Das Methylgriin vermag also den Abbau- 
effekt des Acridinorange zu verstärken, dessen Einwirkung auf die Semiper- 
meabilität dagegen deutlich abzuschwächen. Daraus kann auf Unterschiede 
in den Wirkungsmechanismen der beiden Farbstoffe geschlossen werden. 


II. Qualitative, papierchromatographische Untersuchungen 


a) Lebende, ungefärbte Hefe 


Das Eiweiß enthält 17 Aminosäuren in nachweisbarer Menge: Leucin, 
Phenylalanin, Tyrosin, Valin, Prolin, Alanin, Threonin, Glutaminsäure, 
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Asparaginsäure, Glycin, Serin, Arginin, Lysin, Histidin, Methionin, Cystin 
und eine unbekannte Aminosäure(?) »Übercystin». In der FAS-Fraktion, die 
nahezu vollständig in den Zellen verbleibt (Alkoholauszug), sind zusätzlich 
zu verzeichnen: Die beiden Amide Asparagin und Glutamin, ferner ß-Alanin, 
y-Aminobuttersäure, Glutathion, eine unbekannte Aminosäure(?) sowie verein- 
zelt und schwach a-Aminobuttersäure, hingegen fehlt Methionin. In der Sus- 
pensionsflüssigkeit kann nur bei konzentriertester Auftragung etwas Alanin 
gefunden werden (Suspensionsdichte 1 : 50) bzw. sehr wenig Alanin, Glut- 
aminsäure, Asparaginsäure, Glycin, Lysin und (kaum nachweisbar) ß-Alanin 
und y-Aminobuttersäure (Suspensionsdichte 1 : 500). Damit entspricht die 
Hefe in ihrer Aminosäuregarnitur durchaus den bisher untersuchten höhe- 
ren Pflanzen (vgl. Keser 1954). 


b) Durch Erhitzen abgetötete Hefe 


enthält im Eiweiß die gleichen Aminosäuren. Die FAS-Fraktion befindet sich 
nahezu vollständig in der Suspensionsflüssigkeit; der Alkoholauszug ergibt 
nur 3—4 Aminosäuren in geringer Konzentration. Die Hydrolyse des Alko- 
holauszuges liefert Leucin, Valin, Alanin, Threonin, Glutaminsäure, Aspara- 
ginsäure, Glycin, Serin und Lysin und zeigt, daß diese Aminosäuren z.T. 
als Oligopeptide in den Zellen verblieben sind. Die Suspensionsflüssigkeit 
entspricht in ihrer Aminosäure-Garnitur dem Alkoholauszug der lebenden 
Fete: 


c) AO-gefdrbte Hefezellen 


In der Suspensionsdichte 1:50 (geringfügiger Proteinabbau) besitzt das 
Eiweiß die gleiche Garnitur von Aminosäuren wie die lebende und die hitze- 
getötete Hefe; in der Suspensionsdichte 1 : 500 (wobei 63,5 °/o der Proteine 
abgebaut werden) fehlen Methionin und »Übercystin», ferner weist Cystin 
selbst eine erhebliche Konzentrationsverminderung auf. Das Methionin tritt 
dafür im Alkoholauszug (wie auch in der Suspensionsflüssigkeit) in Erschei- 
nung, und zwar am stärksten in der Suspensionsdichte 1 : 500. 

In der nicht hydrolysierten Suspensionsflüssigkeit der Suspensionsdichte 
1:50 lassen sich nur vereinzelt Aminosäuren nachweisen; nach der Hydro- 
lyse jedoch werden 12 Aminosäuren beobachtet: Alanin, Glutaminsäure, 
Asparaginsäure, Glycin, Serin, ß-Alanin (in geringer Menge) und Leucin, 
Valin, Prolin, Threonin, Arginin und Lysin (in sehr geringer Menge). Die 
Hefezellen haben also kleine Mengen von Oligopeptiden in die Suspensions- 
flüssigkeit abgegeben. 

In der Suspensionsdichte 1 : 500 befinden sich die gleichen Aminosäuren 
im umgebenden Medium wie in der abgetöteten Hefe, dazu tritt Methionin. 

Diese Ergebnisse bestätigen zunächst die Befunde aus den quantitativen 
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Untersuchungen über Eiweißabbau und die Abgabe freier Aminosäuren in 
die Suspensionsflüssigkeit. Dabei können nennenswerte qualitative Diffe- 
renzen in der Aminosäure-Garnitur nicht festgestellt werden. Eine Ausnahme 
betrifft indessen das Methionin: lebende und abgetötete Hefe enthält das 
Methionin ausschließlich im Eiweiß: Alkoholauszug und Suspensionsflüssig- 
keit sind anscheinend methioninfrei. Nach AO-Behandlung jedoch findet 
es sich auch im Alkoholauszug (Suspensionsdichte 1:50 und 1:500) und 
in der Suspensionsflüssigkeit (1 : 500; daß es in 1 : 50 nicht gefunden werden 
kann, beruht auf der Erhaltung der Semipermeabilitat, derzufolge die Amino- 
säuren in den Zellen verbleiben). Beim Eiweißabbau durch AO wird also 
bevorzugt Methionin »herausgelöst» bzw. eine methioninhaltige Eiweißfrak- 
tion stärker abgebaut. Das kann so weit gehen, daß das restliche Eiweiß nun- : 
mehr methioninfrei ist (Suspensionsdichte 1 : 500). 

Versuche mit kürzeren Färbezeiten (21/2 und 4 1/2 Stunden) ergaben, daß 
dieser Effekt der Methionin-Verlagerung aus dem Eiweiß in die FAS-Frak- 
tion bereits nach 2 '/a Std. beendet ist; nach dieser Zeit ist das Resteiweiß 
methioninfrei. — Der Proteinabbau wie auch die Verschiebung des Methio- 
nins ereignen sich nur in lebenden Zellen. In Zellen, die nach Abtötung (und 
Abzentrifugierung) gefärbt wurden, treten keine freien AS hinzu, auch ver- 
bleibt das Methionin im Eiweiß. 


D. Diskussion 


Die Ergebnisse lassen erkennen, welch außerordentlich tiefgreifende Wir- 
kungen das Acridinorange im Gefüge der Hefezellen auszuüben vermag, 
Wirkungen, die bei längerer Färbezeit und/oder größerer Farbstoffmenge 
schließlich zum Zelltode führen. 

Sie bekräftigen damit zunächst die von Bogen (1953) ausgesprochenen Ablehnung 
der sog. Acridinorange-Methode Struggers als Test auf den Lebenszustand tierischer 
und pflanzlicher Zellen: ein Stoff, der in kürzester Zeit ?/3 des gesamten Zelleiweißes 
abbaut und Zellen abtötet, kann nicht als »völlig unschädlich» zur Unterscheidung 
lebender und toter Zellen verwendet werden. Es erscheint daher entbehrlich, die 
Frage des Acridinorange-Testes nochmals aufzurollen. 


Die folgende Besprechung soll sich im wesentlichen darauf beschränken, 
zu prüfen, inwieweit Angaben über die Mechanismen der Acridinorange- 


Wirkung gemacht werden können. 


1. Proteinabbau 


Die vorliegenden Befunde schließen keineswegs aus, dab außer den Proteinen 
auch andere Zellbestandteile zerstört werden. Im Gegenteil spricht die Abnahme des 
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Trockengewichtes im Verlaufe der Anfärbung (z.B. Tab. 2) sehr für eine Abgabe 
N-freier Substanzen aus den Zellen. Auch dürfen die gefundenen N-Mengen sicher- 
lich nicht ausschließlich als Amino-N interpretiert werden, weil ja mit der Kjeldahl- 
Methode auch Ammonium-N sowie Purin-, Pyrimidin-, Nucleinsäure-N u.a.m. erfaßt 
werden. Der Anteil der letzteren dürfte allerdings gering sein; außerdem rechtfertigt 
die papierchromatographische Identifizierung der Abbauprodukte als Aminosäuren 
die Behandlung der Analysendaten unter dem Aspekt des Proteinabbaues. Andere 
Zellbestandteile sollen in künftigen Untersuchungen geprüft werden. 


Die Möglichkeit einer direkten Hydrolyse der Zellproteine durch AO kann 
ausgeschlossen werden. In der Literatur ist bisher nichts darüber berichtet 
worden; an abgetöteten Zellen ist sie nach unseren Untersuchungen nicht 
nachweisbar; weitere Versuche, die zur Orientierung an nativen Proteinen 
durchgeführt wurden (Behandlung von Albumin, Hühnereiklar u.a. mit AO 
unter verschiedentlich abgewandelten Versuchsbedingungen) blieben eben- 
falls ergebnislos, und schließlich würde sie in der lebenden Zelle zu einer 
vollständigen Hydrolyse des gesamten Eiweißes führen müssen. 


Es muß daher angenommen werden, daß das AO die proteolytischen Vor- 
gänge in der Zelle, die normalerweise nicht in Erscheinung treten, in irgend- 
einer Form aktiviert. Dabei kann wohl von einer unmittelbaren Erhöhung 
der proteolytischen Enzymaktivität vorerst abgesehen werden: sie müßte 
gegen alle Erfahrungen in einem Maßstabe stattfinden, der die Autolyse der 
Zellen um ein Vielfaches übertrifft, wenn derart große Mengen freier Amino- 
säuren auftreten sollen. Über solche aktivierende Wirkung des AO ist bisher 
nichts berichtet worden; immerhin kann die Möglichkeit nicht völlig von der 
Hand gewiesen werden. Viel wahrscheinlicher ist es, daß die Proteinsynthese 
gehemmt wird, während die Proteolyse ungestört weiterläuft. Nach Schön- 
heimer (1941) sind insbesondere die Plasmaproteine einem beständigen 
Umbau unterworfen, der sich u.a. in einem Austausch markierter Amino- 
säuren experimentell nachweisen läßt. Die Befunde sind in der Folgezeit 
von vielen Seiten bestätigt worden (z.B. Borsook u. Mitarb. 1950 an Knochen- 
mark, desgl. Abrams, Goldinger u. Guzman Barron 1950; Siekevitz 1952 
ferner Melchior, Klioze u. Klotz 1951 an Escherichia coli). Dieses »turnover» 
kann in manchen Fällen sehr schnell vor sich gehen: im Knochenmark 
tauchen markierte Aminosäuren aus den Plasmaproteinen bereits nach 30 min 
in der FAS-Fraktion auf (Borsook); bei der Hefe Torulopsis utilis entstehen 
markierte Glutaminsäure und saure Peptide aus markiertem Azetat sogar 
schon nach 10 sec. (Turba ı. Esser 1953). Eine Blockierung des turnover 
allein auf der Synthese-Seite würde in der Tat sehr bald zu einer Anhäufung 
feier Aminosäuren führen müssen, so wie sie in unseren Versuchen zu 
beobachten war. — Es ist indessen zu beachten, daß das turnover in man- 
chen Fällen infolge seiner Penicillin-Empfindlichkeit von der eigentlichen 
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Proteinsynthese (Aufbau der Zeilsubstanz) unterschieden werden muß (Gale 
1953 an Staphylococcus aureus). 

Als Orte der Proteinsynthese gelten heute Chondriosomen bzw. Mikro- 
somen (Hultin 1950; Siekevitz u. Zamecnik 1951; Keller 1951; Lee und Mit- 
arb. 1951; Siekevitz 1953). Dabei sind die Nucleinsäuren der partikulären 
Gebilde unerläßlich (Caspersson 1950, Brachet 1952, Campbeli u. Work 
1953; Dounce 1952 u.a.: »template»-Theorie). Leuthardt u. Müller (1948) 
haben denn auch eine Hemmung der in den Chondriosomen ablaufenden 
Citrullin-Synthese durch den Chondriosomenfarbstoff Janusgrün feststellen 
können. Da andererseits vom Acridinorange und Methylgrün bekannt ist, 
daß sie in Modellversuchen (Zeiger, Harders u. Müller 1951) und in der 
lebenden Zelle (D’Amato 1952, Brachet 1952, Betz 1953) an Nucleinsäuren, 
und zwar vorwiegend an Ribose-Nucleinsäuren, adsorbiert werden, erscheint 
folgende Annahme gerechtfertigt: die verwendeten Farbstoffe blockieren die 
RNS in den partikulären Gebilden des Cytoplasmas, die als Matrizen der 
Proteinsynthese funktionieren. Dadurch wird jeglicher Neu- bzw. Wieder- 
aufbau verhindert und — bei hoher turnover-Rate, wie sie in Hefezellen 
zu erwarten ist — eine rasche Anhäufung freier Aminosäuren herbeigeführt 
werden. 

Die experimentelle Nachprüfung dieser Hypothese liegt außerhalb des 
Rahmens dieser Mitteilung; auch können aus den bisher vorliegenden Ver- 
suchen noch keine Details über die speziellen Mechanismen der Farbstoff- 
einwirkung abgeleitet werden. Die Vorstellung erlaubt jedoch bereits jetzt, 
die Vielfalt der physiologischen AO-Effekte auf eine gemeinsame Ursache 
zurückzuführen: eine Hemmung der Proteinsynthese kann verständlicher- 
weise alle jene Funktionen in Mitleidenschaft ziehen, an denen Eiweißkörper 
maßgebend beteiligt sind. 

Gesonderter Besprechung bedarf noch das Ausmaß des beobachteten Pro- 
teinabbaues. Die Versuche hatten ergeben, daß in der Suspensionsdichte 
1 : 500 — etwa 63 °/o der Zellproteine abgebaut werden. Das darf nicht so 
verstanden werden, als ob nur 63 °/o der Zellen ihr gesamtes Eiweiß abgebaut 
haben; ebensowenig wird jede Zelle zu 63 °/o abgebaut. Vielmehr dürfte hier 
die physiologische Variabilität der Individuen einer Population zu wechseln- 
den, intermediären Abbaugraden führen (Elste, unveröffentlicht). Das Ver- 
bleiben eines mehr oder weniger großen Eiweiß-Restes kann zwanglos damit 
erklärt werden, daß auch die (Re-)Synthese bzw. der Umbau der proteolyti- 
schen Enzyme blockiert und damit der vollständige Abbau der Proteine 
vorzeitig verhindert wird. Indessen sollte auch die Möglichkeit nicht außer 
acht gelassen werden, daß differente Proteinfraktionen nebeneinander be- 
stehen mögen, die mit verschiedener Geschwindigkeit umgebaut bzw. an ver- 
schiedenen Matrizen aufgebaut werden. Dafür spricht u.a., daß es sich beim 


458 HANS J. BOGEN UND MARGARETE KESER 


abgebauten Eiweiß möglicherweise um einen bestimmten Eiweißkörper han- 
delt, der gegenüber dem Resteiweiß u.a. durch seinen Methioningehalt ge- 
kennzeichnet ist. 

Das »Resteiweiß» ist vielleicht derjenigen Eiweißfraktion verwandt oder gleich, 
die bei Spirodela (Hungerpflanzen) erst nach Zugabe von Essigsäure ausfällt, und 
die gleichfalls methionin- und cystinfrei ist. Überdies tritt bei Spirodela im Hunger- 


zustand, d.h. bei Proteinabbau, Methionin in der FAS-Fraktion auf, während das 
Eiweiß ärmer an Methionin wird (Keser 1954). 


Es darf somit mit dem Vorhandensein einer methioninhaltigen Protein- 
fraktion gerechnet werden, die besonders leicht abgebaut werden kann. 

Der analoge Eiweißabbau, der durch Methylgrün, wenn auch in geringe- 
rem Maße, bewirkt wird, scheint eine andere Eiweißfraktion zu betreffen, 
da sich die Effekte der beiden Farbstoffe in Kombinationslösung ziemlich 
genau addieren. 


2. Einwirkung der Farbstoffe auf die Permeabilität 


Das Übertreten der freien Aminosäuren aus lebenden, unbehandelten Hefe- 
zellen in die Suspensionsflüssigkeit wird im wesentlichen durch die Semi- 
permeabilität der intakten Grenzschichten verhindert; nach Aufhebung der 
Semipermeabilität (Hitzetötung) erscheinen sie daher nahezu quantitativ in 
der Suspensionsflüssigkeit. Die Behandlung mit AO (Suspensionsdichte 
1 : 500), wodurch 2/3 der Zellproteine abgebaut werden und die Zellen zum 
größten Teil absterben, vermag indessen die Semipermeabilität nicht voll- 
ständig aufzubeben: Trotz der Vermehrung der Menge freier Aminosäuren 
auf das 3,5-fache gelangt selbst nach 12-stündiger Einwirkung nur etwa die 
Hälfte in das umgebende Medium. Es besteht mithin noch ein ansehnliches 
Konzentrationsgefälle von innen nach außen, das, aus dem asymptotischen 
Verlauf der Kurve in Abb. 1 zu schließen, erst nach sehr langer Zeit aus- 
geglichen werden kann. 

Durch Zugabe eines Aminosäure-Gemisches in die Suspensionsflüssigkeit 
wird die Menge der von den Zellen abgegebenen Aminosäuren verringert, 
entsprechend dem herabgesetzten Konzentrationsgefalle. Diese Konzentra- 
tionsabhängigkeit der Aminosäure-Abgabe ist damit als Exosmose charakteri- 
siert, deren ‘Geschwindigkeit durch die Permeabilität der Grenzschicht be- 
stimmt wird. 

Obwohl die Grenzschicht zu wesentlichen Teilen aus Proteinen besteht, 
werden diese vom Proteinabbau weit weniger betroffen als die Proteine des 
Binnenplasmas — ein weiterer Hinweis für die Richtigkeit der Annahme, 
daß in der Zelle mehrere Eiweißfraktionen vorliegen, deren Auf- bzw. 
Umbau durch AO unterschiedlich gehemmt wird. 


EIWEISS-ABBAU DURCH ACRIDINORANGE BEI HEFEZELLEN 459 


Ähnlich können die Methylgrün-Versuche verstanden werden. Dieser 
Farbstoff (0,01 °/o, Suspensionsdichte 1 : 500) ruft gleichfalls einen Protein- 
abbau hervor, der zu einer Verdoppelung der Menge freier Aminosäuren 
führt. Diese Aminosäuren bleiben aber, ebenso wie in der lebenden Zelle, 
aber zum Unterschied gegenüber den AO-Versuchen, im Zellinnern und 
demonstrieren so, daß hier die Grenzschichtproteine vom Abbau überhaupt 
nicht betroffen werden. 

Besonders aufschlußreich sind die Ergebnisse der Mischfärbung: hinsicht- 
lich des Proteinabbaues addieren sich die Effekte beider Farbstoffe, während 
die Permeabilitätserhöhung, die das AO bewirkt, durch gleichzeitig gebote- 
nes Methylgrün schwächer ausfällt. Jeder Farbstoff greift offenbar an meh- 
reren Stellen in das Gefüge der Zellen ein, wobei im Zusammenwirken Addi- 
tivität oder »kompetitive Hemmung» eintreten kann. 


3. Schlußbemerkung 


Auf der Grundlage der bisher durchgeführten Untersuchungen erscheinen 
weitere Versuche erfolgversprechend, in denen solche Farbstoffe wechselnd 
kombiniert werden, deren physiologische Effekte lokalisiert werden können, 
wie z.B. Janusgrün (für Chondriosomen), Nilblausulfat (für Mikrosomen) 
u.a.m. Hiermit dürften weitere Aufschlüsse über das Zusammenwirken der 
Protein- und Cytoplasmafraktionen, aber auch über die bisher kaum ge- 
klärten Beziehungen zwischen Proteinsynthese und Ribose-Nucleinsäuren zu 
erwarten sein. 


Summary 


A quantitative estimation of nitrogen in baker’s yeast (suspensions of 1 g. 
yeast in 50 and 500 ml. distilled water) by the Kjeldahl method shows that 
80 per cent of the total N are incorporated in the insoluble protein fraction 
and 20 per cent are found in the fraction of free amino acids. °/10 of the latter 
are remaining within the cells, and '/10 appears in the surrounding medium. 
After killing the cells the major part of free amino acids is released into the 
fluid, while the protein, however, remains unaltered. 

After a 12 hour’s treatment of the cell suspensions with the fluorescing 
dye acridine-orange (10~‘ g./l.), the protein fraction contains only 69 per cent 
(suspension 1 : 50) and 30 per cent (suspension 1 : 500) of the total N. The 
fraction of free amino acids has increased to 31 and 70 per cent, respectively. 
The distribution of the amino acid N between the cells and the surrounding 
medium ist 28 %0 :3 %o (suspension 1:50) and 37 °/0 :33 °/o (suspension 
1: 500). This indicates that the acridine-dye causes a breakdown of more 
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than 60 per cent of the total protein and in increase of permeability, espe- 
cially in the suspension 1:500 where each cell may accumulate greater 
amounts of the dye, in consequence of which the stained cells are killed. 
Protein breakdown is complete already after 1/2 hour, while exosmosis of 
the newly formed amino acids into the medium continues for many hours. 

Methyl green (10% g./l.) shows similar but weaker effects concerning the 
breakdown of proteins but does not increase the permeability. 

Combination of the two dyes shows additive effects concerning the break- 
down of proteins, while, on the other hand, methyl green protects the semi- 
permeability against the alteration by acridine. 

A qualitative study by means of paper chromatography on the amino acid 
content of living, killed, and stained cells shows no significant differences 
in the composition of the three fractions. Only the methionine content is 
altered: the protein of living and heat-killed yeast cells contains methionine, 
while the fraction of free amino acids is free of methionine. In acridine- 
treated cells, however, methionine disappears from the protein and is found 
in the fraction of free amino acids, thus indicating that there may exist 
several protein fractions in the cells which are differently affected by the 
dyes. 

It seems probable that, since acridine does not directly hydrolyze the 
proteins, it may act by blocking the protein turnover on the side of synthesis, 
while the normal breakdown continues, resulting in an accumulation of 
free amino acids. The first step of its action may consist in an adsorption 
on RNS-templates, as it is known for methyl green. 

Furthermore, acridine-orange, on account of its toxicity, seems inadequate 
as an indicator for the discrimination between living and dead cells, as 
Strugger formerly has proposed. 


Der Deutschen Forschungsgemeinschaft danken wir für die Unterstützung, Herrn 
Dr. Th. D. Fontaine, Biologically Active Chemical Compounds Div., Philadelphia, 
für die Freundlichkeit, uns Testproben von Glutamin und y-Aminobuttersäure zu 
überlassen. 
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Introduction 


Fruit trees are large units and therefore inconvenient for an investigation 
of metabolic processes taking place throughout the plant. A possible approach 
to some metabolic problems, however, is to use small trees, e.g. maidens. 
The validity of results obtained with maidens can later on be tested with 
older trees also. 

This report deals with the nitrogenous constituents of apple maidens 
grown for the last year under three different nitrogen treatments in quartz 
sand culture. Some groups of nitrogen containing compounds have been 
determined quantitatively, these are, total organic-, »protein»-, soluble-, 
amino-, and amide-N. Separation and identification of the free amino acids 
has been done by paper chromatography. Rough approximations of the 
quantities of the different amino acids can be made visually from the chro- 
matograms (Miettinen and Virtanen; 7). In this work only changes in rela- 
tive quantities have been assessed. 

For analysis each plant was divided into tree parts in the following way, 
1) »Maiden», latest year’s growth in length, 2) »Stock» the comparatively 
thick part of the rootstock, and 3) » Roots», root-branches, even the largest 
of which have a diameter less than half that of the »stock». 


1 Visiting Fellow from Ullensvang Research Station, Lofthus, Hardanger, Norway. 
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The length of the new growth was measured frequently during the sum- 
mer. The total increase in dry matter is also known from the weighings and 
dry weight determinations before and after the experimental period. 


Methods 


For the experiments rootstocks were selected which had been budded in the sum- 
mer of 1952 with the variety Gravenstein. Before the growing season of 1953 they 
were removed from the nursery rows, washed free from soil and transplanted into 
twelve-litre Mitscherlich containers. The plants were kept in a temporary green- 
house in order to protect them from rainwater. All mineral macro nutrients, except 
nitrogen, were given to all plants as the Long Ashton nutrient solution (Hewitt, 4). 
A complete micro nutrient solution was also given, and no symptoms of any defi- 
ciency disease were seen on the leaves. The nitrogen treatments were as follows, 
1) No N in the growing season of 1953, 2) NO, in nutrient solution containing 2 m.e. N 
per litre. The solution was renewed seven times from May 15 to July 3. After that 
time only water was given, and 3) Urea sprayed on the leaves. '/2 per cent urea 
solution was sprayed eight times from June 3 to July 8. 

The pH of the nutrient solution leaking from the containers, measured during 
the time when nitrogen nutrition was being given, was kept near to the neutral 
point, but still varied from pH 6.2 to 7.5. 

NO, and urea were each given to nine plants and no N only to two plants as they 
were expected to show outstandingly little growth in comparison with those receiving 
nitrogen. One of the latter did not begin to grow until the middle of June and was 
therefore found unsuitable for comparison with those growing normally. The same 
happened to plants in the other two groups also, and is probably due to a weak bud. 
But even the »maiden» of these late-starting plants reached a length of about 
40 centimeters. 


For analysis two plants were taken from both the nitrate and urea groups and 
one which had not received nitrogen. 

Total organic nitrogen was determined according to the micromodification of 
the Kjeldahl procedure. Subsamples were taken from the samples which had been 
used for dry weight determination. 

Soluble nitrogen is nitrogen in compounds extracted with 70 per cent ethanol. 
The fresh plant material was used for extraction. The samples were cut into small 
bits with a sharp knife, ethanol was added and further disintegration done in a 
macerator. At this stage the plant material was left in ethanol overnight and then 
centrifuged, whereupon the residue was again treated with new ethanol in the 
macerator. 500 ml were used for the extracting of less than 20 grams of plant 
material. This fraction consists mainly of free amino acids. Among the compounds 
then unaccounted for the chlorophyll in the above-ground parts should be mentioned. 

»Protein» nitrogen is reckoned as the difference between total organic- and 
soluble-N. 

Amino nitrogen was determined in the van Slyke manometric apparatus. The tem- 
perature in the reaction chamber varied between 19 and 21° C and the reaction 
time was therefore from 4 30 to 4 00 minutes (cf. Milton and Waters 8). According 
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to Roine (10) also the amide group of glutamine sets free N, in the van Slyke 
determination, while only the amino group of asparagine does so. | 

For determination of amide nitrogen the classical acid hydrolysis has been dis- 
carded in favour of a method recently introduced by Varner et al (11). This method 
consists of warming either a 70 per cent ethanol extract or an aqueous solution 
containing amides, with 40 per cent NaOH in an apparatus, e.g. Parnass-Wagener, 
where ammonia is simultaneously distilled over into acid. The method is quick and 
convenient and gives highly reproducible results. It was found that 5 to 6 per cent 
of the nitrogen in an arginine standard yielded ammonia during this procedure 
(8 minutes distillation time). Ammonia was not determined prior to the amide 
determination in the samples analysed. Urea is also hydrolysed in this procedure. 
Chromatograms showed that all plants and plant parts contained urea, but only 
a very small variation in its amount occurs in the material analysed. 

For chromatography parts of the ethanol extracts were taken, passed through an 
ion exchange column with Amberlite IR 105, and the amino acids subsequently 
eluted with 1 N NH,OH. The elution was concentrated under reduced pressure at 
about 40° C. 

Chromatograms were run on Whatman No 4 papers in butanol-acetic acid-water 
for 40 to 44 hours and in phenol-water for 12 to 14 hours. The spots of amino 
acids were developed with ninhydrine while urea, on separate papers, was developed 
with PDB (para dimethyl aminobenzaldehyde). The spots were identified according 
to the chart of this laboratory. 


Results 


Figure 1 shows the growth rate of the analysed plants. The curves for 
NO, and urea plants may be taken as representative of their groups. Statis- 
tical t-tests of the nine pairs of observations show that there was no signi- 
ficant difference in growth in length between those two groups before the 
end of July. No conclusion should be drawn from the observations available 
as to whether the »maidens» have grown equally well without N and when 
they are given several sprayings with urea. It would, however, be justifiable 
to conclude that fairly tall maidens may be produced even if the plants 
receive no nitrogen after the year of budding. 

Table 1 gives the calculated initial dry weight of the plants and the increase 
in dry matter during the experiment. The figures for increase in dry matter 
of rootstocks show great variation, part of this may be due to unequal losses 
of small roots when the plants were removed from the containers. As far as 
amount of dry matter is concerned, »stock» and »roots» may be counted as 
equal parts of the rootstock. This can be concluded from the weighings 
during the analytical work. 

The analytical results, given in table 2, agree with the growth measure- 
ments in that only two types of plants emerged from the three nitrogen 
treatments. The NO, plants can be counted as high in nitrogen while the 
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Figure 1. The growth rate of the 
analysed plants. 
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no-N plants are low. One of the urea plants, no. 7, shows a somewhat higher 
N level, but this should be ascribed to greater plant weight at the beginning 
of the experiment. 

At the beginning of the experiment samples were taken from the top of 
the »stocks». Total organic N was determined on these samples from seven 
of the plants. They showed a very uniform N level, 518+9.3 mg. N/100 g. 
dry matter. Respective samples of small roots showed greater variation in 
nitrogen content, from 645 to 1180 mg. N/100 g. dry matter. The variation 
may be due to unrepresentative sampling. All figures, however, are con- 
sistent in that the »roots» had a higher nitrogen content than the »stocks». 

During the experimental time the amount of total organic N on a dry 
weight basis increased in the NO, plants but decreased in the old parts of 
the urea plants and to the same degree in the no-N plant. An interesting 
exception is that the »maidens» of the low nitrogen plants show a higher 
nitrogen content than the »stocks» at the beginning of the experiment. 

The analytical results give the following picture of the high nitrogen 
plants. Total organic N content is approximately the same in »maiden» and 


Table 1. Initial weight of plants and growth during the experimental time. 


7 


Kind of material a 
5 (No N)| 2 (Urea) | 7 (Urea) | 12 (NO,)| 18 (NO,) 
Initial weight of rootstocks, g. dry m. 34.3 30.4 46.6 23.0 28.8 
Increase in weight of rootstocks, 
BAT y meer: 4.8 7.9 5.3 8.5 5.3 
Weight of maidens, g. dry m. .... 6.7 (let) 6.9 ils 10.0 
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Table 2. Results of chemical analysis of »maiden», »stock», and »roots». 


Total org. N| »Protein N»| Soluble N | Amino N Amid N 
| Plant-No |Plant part mg./100 g. | mg./100 g. mg./100 g. mg./100 g. | mg./100 g. 
| dry matter | dry matter | dry matter | dry matter | dry matter 
Maiden 643 | 575 67 36.5 9.9 
5 (No N)4| Stock 328 | 296 33 | 18.6 4.8 
Roots 413 | 380 34 | 19.9 4.4 
| Maiden 536 | 470 | 66 31.5 8.8 
2 (Urea) {| Stock | 313 2890] 31 18.3 5.8 
Roots 456 | 425 30 1987 5.6 
| | Maiden 650 543 | 107 47.1 31.31 
7 (Urea) 4| Stock 402 343 59 38.1 10.9 
Roots | 541 476 65 | 40.3 26.81 
| Maiden 1,000 806 194 91.6 55.1 
12 (NO,) | Stock 969 | 651 | 318 | 129.8 85.3 
Roots 1,608 984 624 225.5 164.1 
| Maiden 892 699 192 61.2 28.2 
18 (NO,)4 Stock | 971 692 | 280 105.8 70.7 
| Roots | 1521 | 1,009 512 193.1 133.6 


1 Too high values due to unknown cause. 


»stock», while it is more than 60 per cent higher in the »roots». »Protein» N 
varies less than any other nitrogen fraction determined. The »roots», how- 
ever, have a markedly higher content than »stock» and »maiden». In soluble 
N there is a great increase in the order »maiden» < »stock» < »roots». On a 
dry weight basis the approximate relative figures are 1, 1.6 and 3. As a 
percentage of the total organic N the figures are respectively 20, 31 and 37 
per cent. The total N of the amides accounts for more than 50 per cent of 
the soluble N. The amino N of the a-amino acids only represents 10 to 19 
per cent, showing an increasing percentage from »roots» to »maiden». There 
is thus »residual» N amounting to approximately {/3 to 1/4 of the soluble N. 
Part of this, however, is accounted for by amino acids containing non-amino 
N and also by other compounds than a-amino acids and amides. Among the 
former should be mentioned arginine, in quantity the main amino acid of 
the high nitrogen plants and all »maidens», and further histidine and lysine. 
Examples of the latter are proline, ethanolamine and y-amino butyric acid. 

In the »maiden» of the low nitrogen plants the content of organic N is 
approximately 60 per cent of that of the high nitrogen »maiden». In the 
»stock» it is 30 to 50 per cent lower than in the »maiden» while the »roots» 
show an intermediate N content. There are larger relative differences in 
»protein» N between the three parts in the low nitrogen plants than in the 
high nitrogen plants, the »stock» being extremely low in protein. In contrast 
to the same fraction in the high nitrogen plants, the amount of soluble N 
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decreases from »maiden» to »stock» and »roots». In the »roots» of the plant 
lowest in nitrogen the amount of soluble N is only 1/29 of that of the high 
nitrogen plants. In amide N, however, there is an even more marked dif- 
ference, the lowest amount being only 1/s7 of that in the »roots» of the plant 
highest in nitrogen. Both absolute and relative amounts of »residual» N are 
much lower in the »stock» and »roots» of the low nitrogen plants than in 
the same parts of ihose high in nitrogen. This is due partly, at least, to 
changes in arginine content. The relative amounts of »residual» N of the 
»maiden» are approximately the same as in the high nitrogen plants. 

In general the plant parts with primary growth have the highest content 
of »protein» N. This is masked, however, when the nitrogen supply is ample, 
since protein formation is strongly influenced by nitrogen level. From this 
it follows that in a search for a correlation between »protein» N and other 
nitrogen fractions, each of the three plant parts should be considered sepa- 
rately. The great increase in protein with increasing N level is in agreement 
with what Virtanen (12) quotes for bacteria and yeast. The large increase 
shown by a lignified plant part such as the »stock» of the high nitrogen 
plants is, however, surprising. 

The new growth of the low nitrogen plants has led to an extensive deple- 
tion of soluble N in »stock» and »roots». In the plants supplied with NO,, 
large amounts of soluble N have accumulated in the old parts. The amides 
appear to be the main nitrogenous »storage» compounds in apple trees, as in 
numerous other plants. And, as is seen from the chromatograms, asparagine 
is the main amide in this function. Miettinen and Virtanen (7) have recently 
found that in the alder citrulline is the predominating free amino acid in root 
nodules and roots. 

That the highest amounts of amino acids and amides are found in the 
»roots» indicates that their synthesis takes place there. Nightingale’s (9) con- 
clusion that the reduction of nitrate takes place in the roots of fruit trees 
also lends support to this view. 

Figure 2 shows the relationship between amino N of the a-amino acids 
and total N of the amides. The curve shows a linear relationship and a very 
high rate of amide formation when the amounts of amino+amide N are 
higher than 40 to 45 mg./100 g. dry matter. Below this value there is a sharp 
break in the curve, indicating a much lower rate of amide formation, but 
also showing that the amides constitute an important part of the soluble N 
when the amounts of the latter are low. This is not unexpected, as the amides 
are components of protein. From the chromatograms it should be noted that 
both glutamine and asparagine are found even in the plants and plant parts 
lowest in amide N. The chromatograms also reveal that the only change in 
glutamine content is to a somewhat higher level in the »maiden» when 
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Figure 2. The relationship between a-amino N of amino acids 
and total N of the amides. 
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compared with »stock» and »roots». This suggests that glutamine does not 
serve at all as a »storage» amide but has its main function in the most 
actively metabolising parts. ; 

Two series of chromatograms are presented in figure 3. The following 
compounds appear (amino acids in brackets only appearing on papers run 
either for a shorter or longer time in butanol-acetic acid-water), glycine, 
alanine, valine, (isoleucine), (leucine), (phenylalanine), tyrosine, serine, 
threonine, proline, (histidine) arginine, lysine, homoserine, aspartic acid, 
asparagine, glutamic acid, glutamine, and ethanolamine, and two further 
unidentified weak spots between arginine and proline. The one nearest to 
proline is yellow to brownish-yellow and is probably the unknown spot B 
of McKee and Urbach (6). That one nearest to arginine may be methionine- 
sulfoxide. They are both resistent to hydrolysis for twenty hours in 20 per 
cent hydrochloric acid. 

Quantitatively arginine appears to be the most important amino acid in 
all parts of the NO, plants and in the »maidens» of the low nitrogen plants. 
In the »stock» and »roots» of the latter the amounts are comparatively small. 

Further, the chromatograms show a 3- to 4-fold increase in y-amino 
butyric acid in the order »maiden» < »stock» < »roots» in the low nitrogen 
plants. This amino acid is known to be formed by decarboxylation of glut- 
amic acid as demonstrated with legume bacteria by Virtanen et al. (13 and 
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Figure 3. Two series of chromato- 
grams. Left, from a plant high in N, 
right, a low-N plant. From top to 
bottom, »maiden», »stock», »roots». 
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14) and with barley by Beevers (1). In root nodules of alnus incana Miet- 
tinen and Virtanen (7) found L-glutamic acid decarboxylase activity and 
much y-amino butyric acid. The increase in this amino acid might thus mean 
a relative increase in the enzyme responsible for decarboxylation, but this is 


not proved. 


There seems to be very little change in quantity in the other amino acids 
as far as can be judged from the chromatograms. Naturally no account has 
been taken of relative changes probably induced by large amounts of aspara- 


gine and arginine. 
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There is a somewhat higher urea content as percentage of soluble N in 
the low nitrogen plants than in the high ones. The difference between urea 
and no-N plants in this respect is small, if significant, as judged from the 
urea chromatograms. 


Discussion 


Since Prianischnikow’s work on the nitrogen metabolism of plants some 
fifty years ago, it has been known that the amides of many plants occupy a 
special position among the compounds formed upon administration of am- 
monia. It is generally accepted that the amides act as ammonia detoxicators 
and are thus intermediates in amino acid synthesis when ammonia is more 
abundant than necessary for immediate synthesis. This work shows that 
asparagine accumulates in apple trees and can be stored in the entire plant. 
Only small changes in glutamine content have been found in the material 
analysed. Asparagine should therefore be considered the main nitrogen-con- 
taining »storage» compound in apple trees. This agrees well with the finding 
of Hulme and Arthington (5) that about 80 per cent of the soluble N of 
young apple fruits is in the form of asparagine. 

It should be pointed out that the terms ammonia detoxicator and main 
»storage» compound used in connection with an amide only imply that the 
amide accumulates more rapidly than other soluble compounds and that a 
large part of the amount accumulated is later available as nitrogen donor in 
the synthesis of amino acids. In the material analysed there are also relative 
increases in other soluble compounds, for instance arginine, with increasing 
N level. 

However, for plant growth as a whole, those nitrogenous constituents 
which show a relative increase with rise in N level, should not be reckoned 
as the only reserve N compounds. It seems more satisfactory that total 
soluble N should be considered as reserve nitrogen. This nitrogen fraction 
consists mainly of free amino acids and amides, which must be looked upon 
as available for protein synthesis, the latter may participate both as such 
and after conversion to amino acid. The concept of total soluble N as a 
reserve for plant growth may at least hold true for the amounts stored in 
plant parts with inherently low metabolic activity, for instance stems of 
fruit trees. 

The results presented show that young apple trees may grow satisfactorily 
for one year without an external supply of nitrogen. It is likely that this 
growth has occurred at the expense of the soluble N present in the plants 
at the beginning of the growing season. Further it is shown that large 
amounts of soluble N have accumulated in plants receiving moderate nitro- 
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gen supply. These results indicate that soluble compounds are of great 
significance as reserve nitrogen for fruit trees. 

Here the results of Fisher et al. (3) should be mentioned. These autors 
found that apple trees receiving four sprayings with 1/2 per cent urea solu- 
tion gave a higher yield, and larger and better coloured fruit than any other 
nitrogen treatment, including six urea sprayings and soil application of urea 
and sulfate of ammonia. In view of the results of the present investigation 
the possibility seems to arise that these results have been obtained at the 
expense of reserve nitrogen. For further information on this point it would 
be of interest to investigate to what extent different tissues of older apple 
trees can serve for the storage of soluble N. 

If the above mentioned possibilities can be confirmed, a new test for 
nitrogen fertilizer requirement might be introduced, based on the amounts 
of soluble N present in the tree. Such a test would have a sound physiological 
background. The test probably most used at present, analysis of total nitro- 
gen in leaves collected from the shoot in the middle of the summer, is only 
empirically established. Before use in practice it must be established for the 
varieties and location in question. A review of the method is given by Boyn- 
ton and Compton (2). 

These considerations prompted a search for a quick test for soluble N. 
Figure 4 shows the results of a ninhydrine test on some of the plants ana- 
lysed. The plant parts were cut across with a sharp knife, making a smoot 
surface. The cross section was sprayed with a 0.2 per cent ninhydrine solu- 
tion of water-saturated butanol. Upon warming at 60° C the colour developed 
rapidly, but would most likely also develop at room temperature. 

The deep blue to violet-blue colour developed indicates the nitrogen status 
in agreement with the chemical results. As ninhydrine gives a yellowish- 
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brown colour with asparagine, the test does not indicate the amount of the 
most variable compound. However, this test is regarded as promising, since 
a distribution of soluble N between different parts of the tree is expected 
to be of assistance in assessing the nitrogen status. 

Although the importance of soluble N as a reserve in plant growth has 
been stressed, the close relation between this fraction and protein should 
not be overlooked. Virtanen (12) has shown that changes in total N also 
indicate changes in the protein content of cells of bacteria and yeast. Further 
he has found that a lowering of the N content influences the activity of 
enzyme systems but that different enzymes respond differently. In this 
investigation the former relation is also found for apple trees. It is thus 
possible that a study of the behaviour of enzymes during a lowering of the N 
level might aid in the search for a »critical» N level for different parts of 
apple trees. - 


Summary 


Growth measurements and chemical analyses of apple maidens grown in 
quartz sand and receiving either 1) NO, in nutrient solution, 2) urea sprayed 
on the leaves or 3) no N, have given the following results. 

1) No-N and urea plants showed the same growth rate and practically 
the same nitrogenous constituents both qualitatively and quantitatively. They 
are refered to as plants low in N. 

2) The NO, plants grew better than the former in the latter half of the 
growing season, and became about 25 per cent taller in the autumn. 

3) The old parts of the low N plants are extensively depleted of soluble N, 
while large amounts have accumulated in the NO, plants, the proportion 
being about 1 : 20. 

4) Of the soluble compounds, the amides appear to change most in quan- 
tity from the low to the high N plants. Asparagine is the main amide. The 
amounts of glutamine change very little, only rising to a somewhat higher 
level in the new growth. 

5) Arginine is in quantity the main amino acid of the NO, plants and of 
all »maidens». In the older parts of the low N plants the amounts are com- 
paratively small. 

6) In the low N plants there is a 3- to 4-fold increase in y-amino butyric 
acid in the order »maiden» < »stock» < »roots». 

7) In general the plant parts with primary growth are highest in pro- 
tein N. This is, however, masked in the plants supplied with NO, as the 
treatment has caused a great increase in nitrogen content, and protein forma- 
tion is strongly influenced by N level. 
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8) A new test for N fertilizer requirement, based on variations in the 
amounts of soluble N, is discussed. A quick ninhydrine test might be pos- 
sible. 
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Introduction 


Within recent years very great advances have been made in our under- 
standing of the chemical mechanism by which free energy is transferred in 
the cell from one reaction to another. Broadly speaking the synthesis of say 
a polysaccharide such as starch or glycogen has been shown to depend on 
a series of chemical reactions all of which proceed in the direction of a 
reduction in free energy. The overall dissipative process is of course the 
oxidation of carbohydrate, but this seems to take place in such a way that the 
pattern is one of many small steps, all of which involve a decrease of free 
energy, i.e. all of which proceed in the spontaneous direction. In other words 
it would seem so far that biological syntheses have been shown to be essen- 
tially passive in nature, in the sense which has become familiar in trans- 
port phenomena. Whether this will prove to be universally the case is a matter 
of doubt, and it is the purpose of this paper to put forward a theory of active 
synthesis. It seems very unlikely that the mechanism: suggested will prove 
to be of as great importance as the passive mechanisms already well under- 
stood, if only for the reason of its reduced thermodynamic economy, but it 
may perhaps help in.elucidating some otherwise obscure features. 

In the analogous case of transport a passive migration can be defined, for 
the isothermal case, as one which connotes movement down a gradient of 
activity or chemical potential. An active migration, on the other hand, may 
connote transport either with or against the passive gradient. Its essential 
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characteristic is that it does not necessarily contribute towards a lowering 
of the free energy of the system — it may, in other words, represent a move- 
ment either towards, or away from equilibrium. In terms of Onsager’s theory 
active transport may be considered due to the non-conjugate forces (Span- 
ner, 1953). If the system is not isothermal considerations of free energy 
have to give place to evaluation of the entropy changes, but the principle 
involved is similar. Now chemical processes can be classified in the same 
way. A passive mechanism will be one which promotes reaction in the direc- 
tion dictated by the chemical potentials or activities of the various molecular 
species concerned. Its tendency, in other words, will be to lower the free 
energy of the system. Such a process can be illustrated by the well known 
synthesis of starch from glucose-1-phosphate: 
phosphorylase 
glucose-1-phosphate —— starch+ phosphoric acid (1) 
An active mechanism, on the other hand, would be required to account for 
such a reaction as: 
glucose > starch+ water (2) 


where the equilibrium point lies normally far to the left. How such a result 
might come about is discussed in this paper, and whether or not active 
mechanisms prove to be of importance, it would seem probable that they are 
of greater significance in a system like the cell where physical structure is 
highly organised than in vitro where structure is scarcely existent at all. 
The considerations proposed here are physico-chemical in nature rather 
than biochemical, and as some of them involve ideas not usually familiar 
to biologists these will first be briefly discussed, mathematical or thermo- 


dynamic treatment being relegated to appendices to leave the argument as 
clear as possible. 


Sealar flow of heat 


A flow of heat normally takes place whenever two portions of matter in 
contact are at different temperatures. Such a flow has a direction associated 
with it; that is, it is vectorial in nature. Now the physicist is familiar with 
the situation in which heat flow can occur without any direction at all. Such 


a flow is called scalar flow, and it arises when two bodies of matter — say 
two gases — at different temperatures occupy the same space. In a neon 


tube, for instance, there is the neon gas itself and a second gas composed 
of electrons and often at a much higher temperature than the first. At every 
point in the tube there are two temperatures, one attributable to the gas 
molecules and ions and the other to the electrons. Between the two inter- 
penetrating systems there is a scalar flow of heat. 
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Now the same is true of liquid systems. Consider for instance an aqueous 
solution in which a substance X is being oxidised by dissolved oxygen with 
a large release of energy: — 


X+ 0, > X0O,+gq cals (3) 


At the moment of its formation the molecule XO,, together perhaps with a 
few attendant water molecules, will possess all the q calories which have 
been released. The heat involved will quickly be dissipated throughout the 
surrounding water, but it nevertheless remains obvious that, so long as the 
reaction (3) is proceeding the molecules XO,, considered as a population, 
will have a higher »temperature» than the water molecules. In fact in 
general, at any point in the system there will be numerous different »tem- 
peratures» attributable one to each of the populations of diverse molecules 
which are taking part in chemical reactions. Between these populations there 
will be occurring a scalar flow of heat. 

A simple calculation will show that the temperature differences set up may 
be considerable. The heat of combustion of glucose is 673,000 calories per 
mole. Let it be imagined that in one stage of an oxidation one twenty-fifth 
of this energy is released as heat. Then at the instant when this energy has 
been shared with even as many as 100 water molecules the average tem- 
perature rise can be calculated to be approximately 


673,000 ; 
>" ly 15° C 
503100 or neay 


If the reaction is proceeding fairly briskly the temperature of the population 
of product-molecules can thus easily be appreciably higher than that of 
reactant-molecules. Of course the distribution of energies will not correspond 
to what constitutes a proper »temperature distribution», but it may be signi- 
ficant in the light of what follows that the high energy molecules in the 
population are likely to be more numerous than what the Maxwell-Boltz- 
mann equation requires. If this is so, then the conclusions of this paper will 
be further reinforced in importance. 


Chemical reactions and scalar flow of heat 
Consider now a reversible chemical reaction 


AB (4) 


The equilibrium point of this reaction, which can be specified by the equi- 


librium constant 
K= [Blew PAT (5) 
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can be altered by a variety of factors, such as temperature, pressure OT the 
presence of other substances. Such variations in the equilibrium point follow 
well-known thermodynamic laws. Suppose now the question be asked, what 
will be the effect on the chemical reaction (4) of maintaining the product B 
at a slightly higher temperature than the reactant A? It is fairly obvious 
that if the temperature of B be raised its molecules will be made more 
»active», and the effect will be roughly the same as increasing its concentra- 
tion, i.e. the reaction will proceed to the left. However, there will be this 
difference, that whatever new rest-point the system moves to it will not be 
an equilibrium, for it will only be maintained so long as the scalar flow of 
heat continues, i.e. so long as the temperature difference between A and B 
is maintained. In passing it may be mentioned that one obvious method of 
maintaining the temperature difference is by the use of radiation capable 
of absorption by B but not by A, and it is a well known phenomenon that 
chemical systems can be displaced from their position of equilibrium to what 
is called a »photochemical stationary state» by irradiating them with energy 
of a suitable wave length. 


An extension of Le Chatelier’s Principle 


Le Chatelier’s principle was originally formulated for systems in equi- 
librium. It stated that when a system is in equilibrium under certain con- 
straints a change in one of the constraints (say the external pressure) causes 
the system to alter in such a way as to moderate the change imposed. Thus 
when the pressure on a mixture of ice and water in equilibrium is increased 
some of the ice melts, since in so doing a reduction in volume occurs which 
helps to relieve the increment of pressure. Now Prigogine has extended this 
principle to cover stationary states, the proof involving the use of the reci- 
procal relations discovered by Onsager. The interest of the extended prin- 
ciple in the present connection lies in this. Let it be supposed that when a 
chemical reaction A — B is taking place there is a tendency for the products 
to rise in temperature above the reactants. Then it can be said at once that 
if the reactants are made hotter than the products the reaction will be driven 
backwards. This effect is rather different from the ordinary effect of tem- 
perature on an exothermic reaction, for there the products and reactants 
are considered to be at the same temperature. The meaning of the present 


statement will become clearer however when the subject of energy of activa- 
tion has been discussed. 
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The energy of activation of a chemical reaction 


The idea of energy of activation has become of increasing importance in 
recent years. It is a fairly easy concept to grasp. Any chemical entity to exist 
at all must possess a certain stability, and this means that work must be 
done to disrupt it. If the energy available is not sufficient to disrupt it no 
reaction takes place. Thus a mixture of hydrogen and oxygen at ordinary 
temperatures reacts too slowly to observe, because the number of molecular 
impacts involving sufficient energy to disrupt the O-O and the H-H bonds 
is excessively small, though once some of these bonds have been broken the 
energy released on recombination to form water may be so great as to break 
many more, and initiate an explosion. The energy required to break the 
existing bonds constitutes what may be called a »potential energy barrier», 
and only molecules possessing sufficient kinetic energy can surmount it and 
react. 

In a portion of matter, say a gas, in internal equilibrium, some of the mole- 
cules will be moving very fast, and others more slowly. Some will possess 
rotations or internal vibrations of a violent nature, and others will be nearly 
quiescent. There will be a continual interchange of energy between all the 
individuals, any particular molecule being possessed at one moment of high 
energy, at the next of low. But provided internal equilibrium holds Maxwell 
showed that these molecular energies will be statistically distributed in a 
perfectly definite way. In the case of an ideal gas the linear speeds of the 
molecules are distributed according to the Maxwell-Boltzmann law. This is 
illustrated graphically in figure 1. 
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Consider now a simple reaction in which a gaseous molecule A changes 


to a molecule B 
A>B (6) 
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A reaction of this type can be supposed to occur by the molecule of A picking 
up sufficient internal vibratory energy by collision. During the interval 
elapsing before its next impact this internal energy is shuffled about within 
the molecule between the various atomic bonds until it reaches sufficient 
intensity in a particular bond to rupture it, and the reaction (6) occurs. The 
rate at which molecules react therefore depends on two factors: how often 
molecules acquire the necessary energy, and how high is the probability of 
this energy, once acquired, being internally distributed in the way necessary 
to rupture the necessary bonds. Broadly speaking the first factor concerns 
the energy of activation, the second the entropy of activation. Both together 
are taken account of in the free energy of activation. For the present purpose 
however the entropy factor can be forgotten and attention concentrated only 
on the energy of activation. Let this be denoted by E.. 

When the reaction is occurring only those molecules with energies in 
excess of E, at the instant under consideration can take part in it. The 
number of these molecules is represented by the area of ‘tail’ in fig. 1, where 
E,=!/2 Mc, M being the gram-molecular weight. All of these molecules 
however do not react at the same speed, for obviously for those far to the 
right in fig. 1 the internal energy is being shuffled round faster than for 
those farther to the left. If however the height of the tail (PN) be multiplied 
by the speed (OP) and a new curve be plotted the area of the tail of this 
will represent better the actual rate at which the »energy barrier» is being 
crossed as A> B. This calculation will not be carried out here; but the 
significant point is clear that the energy barrier filters off the »hotter» 
molecules of A, so that the population of B is being continually agumented 
not by a representative sample of A but only by the »hotter» molecules. 
Thus even if the reaction liberates no heat at all, the products B will tend 
to become hotter than the reactants A, and the effect will be enhanced the 
higher the potential energy barrier E,. In accordance with the extended 
Principle of Le Chatelier therefore it is to be expected that if B is made hotter 
than A the reaction will be driven backwards, and this will occur even if 


there is no net liberation of heat, provided only that an appreciable energy 
of activation is involved. 


The Chemical »Heat of transfer» 


The principle which has just been stated is of very wide application, and 
is important whenever transference of some kind is hindered by a barrier 
with a selective effect on molecules of different energies. It has been applied 
(Spanner 1953) to the question of active transport of water in animals and 
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plants, where the restrictive barrier is furnished in many cases by the plasma 
membrane. When put into quantitative form it leads to relations between 
the amount of transport or chemical change and such quantities as the 
»heats» or »energies of transfer», the meaning of which must now be 
explained. 

Let it be imagined that the reaction A > B is proceeding slowly very near 
to equilibrium and that the system is kept at one uniform temperature by 
withdrawing heat from Bt as it is formed. Some of this heat will have to 
be returned to A to compensate it for the loss of its hottest molecules, but 
the quantity so returned will not in general, be equal to that which appears 
in B. Then the total amount of heat, for each gram molecule reacting, which 
must be removed from B to keep its temperature constant is the »heat of 
transfer» Q.* from A to B. For transfer in the opposite direction the value 
of Q.* will of course be different if, as is usually the case, the reaction is 
either exothermic or endothermic. 

The heat of transfer has been calculated approximately by kinetic theory 
for the simple gaseous reaction that has been under consideration. The 
result is 

Q.* = (U.* — H,) = (E.—?/2 RT) per mole (7) 


where E, is the energy of activation for the reverse change B — A. The 
quantity U.* which is used in deriving this equation represents the »energy 
of transfer» per mole. It is the total energy which passes from A to B when 
one mole of gas reacts under the conditions specified (i.e. with A and B at 
the same temperature and nearly in chemical equilibrium). It has to be 
reduced by the amount of energy which remains in the gas B at the tem- 
perature of the reaction, and also by the work done in expanding B, i.e. by 
its heat function H,. The energy remaining is manifested as the heat Q,*, 
and is of course the quantity which is physically measurable. 


The thermomolecular chemical effect 


Since a difference of temperature is in general produced between the 
reactants and products when a chemical reaction takes place, it follows 
from Le Chatelier’s principle (as extended by Prigogine) that if a tempera- 
ture difference be imposed the reaction will be made to occur even if the 
system was originally in equilibrium. The equation expressing the extent of 


1 The letters A and B will be used to indicate the sub-systems composed of A and B 
respectively, as well as the species A and B. No confusion will result in this simple case. 
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this change is derived in Appendix 1 for the very simple case of the gaseous 
reaction 122 (8) 
Let K be the normal equilibrium constant of this reaction, i.e. let K= [2]/[1] 
at equilibrium. Let it be supposed that the products are elevated very slightly 
in temperature from T to T-+AT, and let the concentrations of 1 and 2 when 
all further chemical change has ceased bear the new ratio R,=K-+AK, where 
K. can be called the »steady state» constant. Then the relation between K; 
and K is given (see Appendix I) by 
AK Qué. AT 


ANR et 9 
K In (K,/K) RT T (9) 


Inserting the value of Q.* from (7) and omitting the second term which will 
usually be small the relation becomes 


In K,/K=— en 


Ce, 10 
RT? ad un 


But if q,o is the ordinary temperature coefficient for the reverse reaction it 
follows that 


10E, 
In Topp (11) 
and equation (10) becomes 
A 
In (K,/K) =—In ion ee (12) 


The relations (9), (10), and (12) give the apparent shift of equilibrium point 
for a temperature difference between the two sides of the chemical equation. 
For a reason which is given in its derivation (9) is accurate for very small 
values of AT only; for large values it will indicate qualitatively; though not 
quantitatively, the sort of deviation to be expected. The negative sign indi- 
cates that the concentration of the hotter component is ordinarily decreased, 
as would be expected. 

To see the order of magnitude of the effect assume that equation 12 is 
valid for AT=5". Then if q;, is put equal to 3 


In (K/K) =—In 3X. = —0.55 
le UK) Re 1" 


Thus if there was originally 20 °/o of 1 and 80 °/o of 2 at equilibrium, raising 
the temperature of 2 by 5° C. has resulted in shifting the composition to 
30 °%o of 1 and 70 °/o of 2. If the rise is 10° C. these proportions become 
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43 %/o of 1 and 57 °/o of 2, and if in addition q,,=5 the porportions are 
56 °/o and 44 °/o. These conditions probably depart too far from equilibrium 
for equation (9) to be accurate, and they indicate only the order of magni- 
tude to be expected. It might however be mentioned that inasmuch as dyo 
is usually measured far from chemical equilibrium the equation (12) is 
generally fairly accurate. It becomes, incidentally, fairly self-evident if put 


Le 
1 


into the alternative form 
K/K,=agr (13) 


where qay is the temperature coefficient, referred not to 10°, but to AT as 
interval. 


Origin of temperature differences 


The simple calculation given earlier showed that, for a brief period at 
least, a chemical product may possess a temperature very considerably in 
excess of that of the surrounding molecules. Any subsequent reaction into 
which it enters will therefore be subject to a thermomolecular displacement 
of its normal direction, and the sooner the second reaction follows the first, 
and the closer in space is its location the greater will be the result. 

Effective temperature differences can of course also result from a reactant 
being merely located within a short distance of an exothermic reaction, 1e. 
without being actually one of its products. Further, not all spontaneous 
reactions are exothermic. If considerable entropy changes are involved they 
may be endothermic. Thus considering the reaction 


A+B 2C+D (14) 


it may be displaced beyond its equilibrium point either by one or both of 
the reactants A and B having a temperature above ambient, or by one or 
both of the products C and D having a temperature below it; and the latter 
eventuality, just as the former one, can arise through an immediately pre- 
ceding chemical reaction of another sort. 

There is however another and a quite distinct possibility. Let it be imagined 
that there is a thin membrane across which a substance X is diffusing. 
Then whether the membrane acts as a fine sieve or as a potential energy 
barrier it acts in a discriminatory manner towards X molecules of different 
energies, allowing a preponderance of the higher energy molecules to cross. 
At least, this is true of the translational energies. In the case of a potential 
energy barrier of height E, per mole the average translational energy of 
the molecules crossing it is higher by (/2 RT+E,) than is appropriate to 
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the temperature T. If it be assumed that the molecule X is glucose, with a 
specific heat of C=49.5 cals/mole° C in the solid state, and if this be trebled 
to allow for the additional degrees of freedom introduced by its being in 
solution, then the equivalent rise in temperature attributable to the mole- 
cules which have crossed the barrier is roughly 


1/2 RT-+E, 
AT= Kae 
Cp 
Bs O 
= (2.04 Es CG 


The value of E, can be found approximately from the temperature coef- 
ficient (q,9) of permeability to glucose. Using the equation 


10E, 
In Go pp (il) 


and taking q,, as 4.0 for red ox cells (see Davson & Danielli, 1943, for some 
data on glycol and glycerol) it follows that 


E, = (1.39 X 1.986 x 293?) /10=23,600 cals/mole 


and 
23,600 
==) See Fi 
AT=2.0+ 150 


— 160 76 


This astonishing result is not to be taken too seriously but it does indicate 
that glucose molecules reaching the far side of the membrane arrive with a 
»temperature» greatly exceeding that of molecules to which the barrier is 
much lower, water for instance. Most condensation reactions, such as 


glucose = starch-+ water (15) 


would be expected to have an equilibrium point well to the left, on account 
of the large entropy increase in this direction. But if a suitable enzyme was 
present close to the membrane and on its far side starch might quite well 
be synthesised there as the »hot» glucose diffused across. Such a mechanism 
may be to a small extent, at any rate, responsible for the formation of 
starch in the leucoplasts of the potato tuber, or of cellulose on the exterior 
surface of plant cells. In most cases high free-energy intermediates, such as 
hexose phosphates, are doubtless formed first. Needles to say, the loss of 
the higher energy molecules leaves the remaining population »cooler», and 
the reverse reaction will be promoted. 
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The significance of membranes 


At this point, although it has no direct bearing on the present theory it 
may not be inappropriate to mention another influence possibly exerted by 
membranes in cells. Consider a chemical reaction 


A+BZAB (16) 


whose equilibrium point lies far to the left. If this reaction is catalysed by 
an enzyme adsorbed on to a lipoidal membrane, and if the membrane pos- 
sesses some active mechanism for transporting the substance AB, then the 
system will gradually consume A and B with the production of AB. The 
latter substance will accumulate on the far side of the membrane where, in 
the absence of the specific enzyme, it will be relatively stable. 

Whether such a suggestion has anything in it or not it certainly seems 
significant that enzyme systems are apparently so frequently associated in 
the cell with membranes. Not only does the cell surface possess such a 
structure, but the vacuoles, nucleus, mitochondria, plastids and Golgi appa- 
ratus all seem to have delicate boundary walls, and recent work with the 
electron microscope (Sjöstrand, 1953, Wolken and Schwertz, 1953) suggests 
that even the interior of the mitochondria, cytoplasm and chloroplasts may be 
composed of membranous structures. It is not of course clear that all of these 
function as potential-energy barriers, but at least it seems a possible view 
that the association of a lipoid film with stabilising enzyme layers forms 
an important structural unit in cellular syntheses. 


The sources of energy 


A further point that remains to be discussed concerns the source of the 
energy which is stored in active syntheses. Where a prior chemical 
or photochemical reaction is responsible for increasing the temperature of 
a reactant — or more strictly, the proportion of its molecules possessing 
high kinetic energy — the matter is fairly clear. In other cases passage 
across a membrane may locally concentrate the faster molecules. Here the 
energy for synthesis will be derived from the levelling-out of concentration 
differences on the two sides. If the concentration difference cannot be 
regarded as itself a »given» condition then recourse may be had to some 
form of mechanism for promoting such a difference. In this connection the 
protein-folding hypothesis of Goldacre (1951) has many attractive features. 
By invoking such a mechanism it becomes possible to see how the cell can 
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use a »general-purpose» fuel, such as glucose, for promoting a very wide 
range of chemical syntheses. If this view is substantiated then it means that 
the source of energy for at least some biological syntheses is derived from 
the chemical reactions which promote the folding of protein chains, and 
that this process operates by secreting metabolites across membranes whose 
structure constitutes them potential energy barriers. 


The thermodynamic efficiency 


A very important question in all theories of energy transformation is the 
thermodynamic efficiency. Generally speaking, the doing of work or the 
storage of free energy always depends on the occurrence of some irreversible 
or spontaneous process. In photosynthesis this is the irreversible absorption 
of radiation; in osmotic work it is the irreversible levelling out of con- 
centration differences. In the present theory the mechanism actually func- 
tions as a heat engine, the irreversible process being the flow of heat from a 
higher temperature to a lower. Now this at once seems to set a low theoretical 
limit to the efficiency of the conversion, for Carnot showed that the ratio 
of the work done to the heat flowing out of the hot source could never 


ai 
T, 
present context this means that the free energy stored can never exceed the 


exceed , where T, is the higher, and T, the lower temperature. In the 


AD 8 
fraction T of the heat liberated by the »driving» reactions. This is a dif- 


ficulty, for it seems to mean that any thermomolecular process must be 
exceedingly inefficient from the point of view of utilisation of the free 
energy resources. There are, however, several ways of meeting this objection. 

In the first place, it is by no means necessary to assume that AT is small. 
When an exothermic reaction occurs, the individual molecules involved may 
momentarily possess extremely high kinetic energies. The same is true of 
molecules at the instant of their descent from the top of a high potential 
energy barrier, i.e. at the moment of emergence from a membrane. The 
relevant question is then, can these energised molecules undergo chemical 
reaction before the ordinary processes of molecular collision have reduced 
them to thermal equilibrium with their new neighbours? In other words, is 
the process of chemical reaction sufficiently rapid compared with that of 
thermal equilibration? Provided reaction centres are located sufficiently 
near to the membrane, or to the centres of energy release, it would seem a 
distinct possibility that this is so. In such a case the value of AT may be 
quite high, and the thermodynamic efficiency appreciable. 
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The second consideration is of a more radical nature. Consider the flux 
of similar molecules descending from a high potential energy barrier. At 
the instant when they emerge from the membrane they will possess greatly 
enhanced kinetic energies. However, the distribution of energies among them 
will be far from the Maxwell-Boltzmann one; in fact it will be richer, perhaps 
far richer, in the high-energy fraction. Further, the orientation in space of 
the molecular velocities will not be random, for all the molecules will have 
Just received increments of velocity perpendicular to the membrane. It is not 
difficult to visualise the effect on other reactants already held in definite 
orientations by enzyme systems adsorbed against the membrane interface. 
Chemical reactions will be promoted in the general direction indicated by the 
foregoing theory, but quantitatively the effect will be very difficult to pre- 
dict. In fact, the cellular system may locally be so far removed from equi- 
librium that it ceases to be even remotely amenable to exact thermodynamic 
study. It seems reasonable to suppose however, that the process of synthesis 
might be accomplished with a very great increase in efficiency. Incidentally, 
it is interesting to consider a possibility the reverse of the above; namely, 
that with molecules held at a definite orientation by enzymes against the 
membrane interface, chemical reaction might result in their being given an 
increment of kinetic energy which together with a favourable molecular 
orientation, would literally project them through the interface. This would 
constitute an enzyme-controlled transport mechanism independent of »car- 


riers». 


Conclusion 


The theory of energetic coupling put forward in this paper may be said to 
involve the view that the active cell is so far from being an isothermal system 
that it possesses both relatively large temperature differentials over micro- 
scopic distances across lipoid membranes, and also differences of tempera- 
ture at the same point between interpenetrating populations of chemically 
different species. Whether this is a sound view or not is largely a question 
of relative rates. If the actual chemical rearrangement is rapid compared 
with the equilibration of thermal energy, then the temperature differences 
would seem to be significant, but it is essential that the reaction should take 
place within an extremely small distance from the point of origin of the 
increment of kinetic energy. It is in this last respect that the association of 
enzymes with membranes, and the occurrence of transfer enzymes, are of 
particular significance. One difficulty of the theory lies in the question of the 
limited efficiency associated with any »thermal» mechanism of doing work. 
Two considerations have been given above to meet this difficulty, and a third 
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may now be mentioned. It has been stressed in the analogous case of trans- 
port (Spanner, 1953) that where there is an initial stage in which a thermo- 
molecular process operates in reverse as a »heat pump» followed at once by 
a chemical or transport »heat engine» stage, the overall efficieney can 
theoretically be very high. This is just what the two methods for setting up 
the temperature difference predominantly involve; the performance of 
osmotic work in the levelling out of a concentration difference across an 
energy-barrier »pumps» a large amount of heat over the barrier, and the 
same applies in the case of a chemical reaction. The heat »pumped» is then 
available for the thermomolecular »heat engine» mechanism proposed in 
this paper. 

This mechanism is not of course the only active one that could be 
visualised. As a matter of fact the simple divergence in temperature which 
has been assumed between reactants and products obviously represents 
only one possibility, and that a very idealised one. It is far more likely that 
the distribution of kinetic energy and of such geometrical factors as mole- 
cular orientation and direction of movement among the population of mole- 
cules would correspond closely not to any »temperature» at all in the strict 
sense. The lack of true randomness in their motions and orientations might 
then be reflected in a greatly enhanced velocity of reaction, and this would 
seem to be especially likely where the reacting system possesses a marked 
structure, such for instance as that revealed by the beautiful electron micro- 
graphs of Sjostrand (1953). In the case of the mitochondria figured by him 
the »double membranes» are so extraordinarily close together that the spaces 
enclosed by them must contain too few molecules for the ordinary behaviour 
of macroscopic systems to be much of a guide. The same is apparently true 
of chloroplast structure (Wolken & Schwertz, 1953). This state of affairs 
is especially interesting in the light of Schrédinger’s remarks on the statistical 
nature of physical laws and the bearing of this on cellular life. What it may 
mean in the present context is that »active» biochemical mechanisms are 
more efficient thermodynamically — perhaps much more so — than would 
be their counterparts in vitro. 

In conclusion, it may be remarked that there is a fairly well established 
connection between the free energy of chemical changes and »active» trans- 
port; if what has been discussed in this paper has any relevance to the life 
of the cell it would seem that there may also be a connection between the 
free energy of transport and »active» biochemical syntheses. 


Appendix I. On the derivation of the fundamental equation (see de Groot, 
1951). 


Consider a system consisting of two ideal gases 1 and 2 between which a 
chemical reaction 
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can take place. Let m,, m, be the masses (in grams) of the two gases in 
the system and let u,, u» be their chemical potentials per gram. Suppose 
that the system has a volume V, and let U stand for total internal energy, 
P for pressure, T for absolute temperature and S for entropy. Further, 
imagine that the system consists of two sub-systems a, ß occupying the same 
space but at different temperatures; the properties of these sub-systems will 
be denoted by superscripts & 6. Any portion of matter in the system at tem- 
perature T¢ or TB will then be considered as belonging to the subsystems 
a or ß as the case may be, and vice-versa. Since the two sub-systems are at 
different temperatures there will naturally be a flow of heat between them, 
but this will have attributable to it no direction in space, i.e. it will be a 
scalar flow. As such it will have in general an influence on other scalar 
processes in the system, in particular on the chemical reaction (1). This 
will be in accordance with Curie’s Theorem, which states for instance that 
a vector »force» cannot have any direct influence on a scalar process, and 
vice-versa. 

To simplify matters suppose that all of gas 1 is in sub-system a, (i.e. at 
temperature T¢), and that all of gas 2 is in sub-system ß. Let subscripts ; ¢ 
to the symbols of differentiation indicate increments gained internally (i.e. 
from the other sub-system) or externally (from the surroundings); thus 
d;U«@ is an increment in the total energy of a gained from 6. 

Since the system is not in internal equilibrium irreversible process will be 
taking place in it, and what it is desired to find out is how the small tem- 
perature difference AT=TP— T@ influences the position of rest (the »pseudo- 
equilibrium») of the chemical reaction (1). Now the processes taking place 
in the system will be subject to certain conditions: — 

The Conservation of Mass requires that 


dm,@+dm,ß=0 (2) 


remembering that m,ß and m,“ are supposed to be zero, all of m, being in 
a and all of m, in ß. Further, the Conservation of Energy gives 


d;Ue+d;Uß=0 (3) 


which simply expresses that any energy gained by a from ß is accompanied 
by an equal loss from 6 to a. | 

Two further equations follow from the fact that the system is not far 
removed from equilibrium (AT being small). For a system in equilibrium 
- Gibb’s equation is 
dU=Tds—Pdy--= uam (4) 


Dividing this by T, transposing it and applying it to a and ß in turn it 
follows that 
dSa=dUa/Ta+ PadV/Ta— u,0/Te dm, (5) 


dS6 =dUB/TB+ PBdV/TB— u,8/T8 dm,ß (6) 
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Adding these two equations and splitting up dU into d;U+d.U, 
dS=dSa+dSß=[(d.Ua+PadV)/Te+ (d.UB + PBdV)/TB] 


B 
+{auue/re + aUB/TE ie dma ee amp | (7) 


The terms in square brackets [] represent the increment d.S of the entropy 
of the whole system gained by interaction with the surroundings, and for 
the present purpose can be neglected; the increment of entropy diS due to 
the processes going on within the system is represented by the terms in 
braces {}. 

Dividing by dt and substituting for dm,P and d;Uß from (2) and (3) it 
follows that 


sel 1 dm,¢ ts x | (8) 
DT er Tee dt \Te TS 
Since Ta and TP are nearly equal, 
1 1 1 AT 
en en I ee 2 ae 9 
Te mw à (x) T2 (9) 


where the symbol A indicates the difference between a property in the two 
sub-systems, i.e. 
AZ=ZB— Za (10) 


Now suppose that the volume V is kept constant, and let u,% be the che- 
mical potential that gas 2 would possess if without alteration of volume 
or mass, and without chemical change it were cooled from TB to Ta. Then 
if AT is small 


UP pet 9 | ; 1 
T Ta ied FR sai (10) 
and equation (8) becomes 
de ADS Reue (he) a 
cs let Ju + (jar (19) 
jue dm,“ 
where Jy=— ss the rate of flow of energy from a to ß, Lave 


is the rate of the chemical reaction (1) from left to right, and U], LU without 
superscripts are taken at the same temperature T but at the volume con- 
centrations at which the two gases actually exist. 

The changes taking place in the system must now be described by means 
of equations analogous to Ohm’s Law, treating J, and J. as »currents» or 
fluxes and the expressions in braces {} as »forces», recognising however 
that both forces may influence each flux. There thus result two purely 
descriptive or phenomenological equations 
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=a AT He a 9 (Me | 


where Lyu, Lue, Leu; Lee are coefficients depending on the nature of the gases, 
the size and construction of the system and such factors as temperature 
and pressure. However, whatever magnitude these »conductance» coeffi- 
cients have, Onsager showed in 1931 that provided forces and fluxes are 
related as indicated in equation (12), i.e. provided the sum of their products 
in appropriate pairs gives the rate of entropy production by the system, that 
the following result always holds 


Luc=Leu (15) 


It is the general relation of which this is a particular case that has given 
rise to the modern subject of Irreversible Thermodynamics. 

Before equations (13) and (14) can lead to any useful result the coef- 
ficients L have to be related to properties which can be measured or cal- 
culated. Consider first the case in which the temperatures Tu and TB are 
the same (i.e. AT=0) but the chemical reaction proceeds in response to a 
small affinity (u.—u,). Then under these conditions 


y [em 
Ju= Lu | T | (16) 
Be M: 
Al Te a 197 
Je=I | T | (17) 
and 
Ju/Je=Uc*= Luc/Lee (18) 


where U,* is clearly the amount of energy which passes from one system 
to the other when unit mass of 1 changes to 2. The quantity U.* is called 
the »energy of chemical transfer», and is useful because its value can be 
measured, or with suitable assumptions, calculated by Kinetic Theory.! 
Now consider the case in which the temperature difference AT is fixed 
and the relative amounts of gases 1 and 2 allowed to change in accordance 
with chemical reaction (1) until the system reaches a »pseudo-equilibrium». 
Writing J,=0 and putting L.y=Luc= Uc* * L.. from (18), it follows that 


io ales Ta a g (Jar | =0 (19) 


T2 er TT 


or since in general L.. is not zero (or the reaction (1) would never occur), 


1 Strictly, these remarks apply to the heat of transfer Q,*, where Q * differs from U,* 
by the specific heat function hg. 
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à /pe\) AT 
(Hal) + {ue 2 | Ten ou 


This equation makes it possible to find the position of rest to which the 
chemical reaction moves, so that it can be compared with the position of true 
equilibrium appropriate to the temperature T. It will first be convenient 
however to express the quantities 4, U, and OT (ue) in terms of the con- 
centrations per unit volume c,, c, and the equilibrium constant K of the 
reaction. | 

Mathematically it is possible to write 


9 (2) = 1 , U, He (21) 
ST\T TEOSTSBETL 


But from the Gibbs equation for an open system 


dG=-SdT+VdP+2 udm (22) 
it follows that a 
G 
„= 23 
He om, (25) 


from which 


du à (dG as 
DE — > =— = — 2) 
ar) > ahi (3%) a ce 
where s, is the entropy per gram of gas 2. 
Hence the factor in braces in (20) can be written 
e) 
{User a ba) Ur ta + Ts) } =Uc* hy (25) 


where h, is the heat function per gram of 2. 


Further, if u,° and u,° are the values of u,, u, at true equilibrium (AT=0) 
then 


HıT=u,°1 (26) 
Since the gases are ideal, it is further possible to write 
> nr In Ce 
SLT VE a 


where u! is the potential at a standard concentration c’. If c,°4 and c.°! are 
the concentrations at equilibrium (i.e. when AT=0) then 


——+ eg RT ] Cy 

OP al’ Resale Men RT (28) 
=u,°I+ RT In Co 

Mo — Ho M C1 (29) 
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or subtracting and using (26), 


Win (30) 
But Cac 1=K, the equilibrium constant, and analogously it is possible to 
write c,/c,=K;, where K, is the »steady state» constant. Equation (30) thus 
becomes for the steady state 


RT 5 
2 Hi ar In (K/K) (31) 
Finally, introducing (25) and (31) into (20) 
RT Dr . AT 
M In (K,/K) fre (Ue h;) aw 


or 
M(U.*—h,) AT 
RT T 


In (K/K) = (32) 


It must be stressed that this equation is valid only for very small numerical 
values of In (K,/K), since only within a short distance from true equi- 
librium are the »Ohm’s Law» relations (13) and (14) accurate. Bearing 
this limitation in mind and writing AK=K,—K equation (32) can be written 
in the approximate form 

AK Mile, AT 


Bo an un 


The quantities U.* and h, are of course undertermined to the extent of an 
additive constant. Their difference however is physically measurable, since 
it represents the actual quantity of heat released per gram of gas reacting. 
Calling this Q.* we have finally 


AK 
So In (K/K) =— RT 


(34) 
It should be noted that in the body of the paper Q.* is defined per mole, 
here it is per gram. 


Appendix 2. On the relation between the »heat of transfer» Q.* and the 
temperature-dependence of the reaction velocity. 

The classical Arrhenius equation for the temperature dependence of the 
chemical reaction rate 


(In k) = E/RT? (1) 


where k is the velocity constant and E the »activation energy» was originally 
derived from the exact thermodynamic relation 
9 AH 
(2) 


AT (In K) a RT? 


33 
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where K, the equilibrium constant, is the ratio of the velocity constants for 
the forward and reverse reactions. It will be remembered that (2) was split 


up into the two equations 


ao (In Kya) = pe +A (3) 
= Um En, +h (4) 


where the subscripts ;, and 5, denote the forward and reverse reactions 
respectively. Experiment subsequently showed that the constant term 1 was 
best set equal to zero, but the reason for this never seemed very obvious, 
and the equation (1) could consequently only be regarded as having a partial 
justification in theory.’ en 

It now seems clear that the Arrhenius equation can be justified as an 
exact statement if put in the form 


CE zum, Q:2* 5 
ST (In k,,) = RT? (5) 


where Q,,* is the chemical »heat of transfer» for the conversion of one 
mole of 1 to 2. This conclusion can be derived as follows. 
Consider the situation discussed in appendix 1 for the simple gaseous 


reaction | 
Ye (6) 


The gas 1 is maintained at a temperature T, so that the velocity of the for- 
ward reaction can be written 
Via =kjsCı (7) 


The gas 2 is maintained at the temperature T+AT, so that the velocity of 
the reverse reaction can be similarly written 


Vor = (Kg, + Akg) Co (8) 


where the increment Ak,, can be regarded as identical with the increment 
which would be realised if both sub-systems were together at the tempera- 
ture T+AT. This may not be at once obvious, but it becomes so when it is 
realised that the rather artificial specification (Appendix 1) that the sub- 
systems are respectively maintained at temperatures T and T+AT means 
in fact that molecules of 2 are imagined not to interact thermally with 
molecules of 1, i.e. the temperature of 1 has no influence on the velocity with 
which the change 2 — 1 takes place. 
At the steady state it is possible to write 


V12 — Vo (9) 
that is, 
(ko) +Aky,)/Ky2=¢,/e, (10) 


© The theory of absolute reaction rates, developed largely by Eyring, of course rectifies 
this state of affairs, 
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where c, and c, now refer to the steady state. But from Appendix 1, 


K=k,,/k., (11) 
and 
R,=cy/c, (12) 
Introducing these into (10), it follows that 
(ko, Ake) ko RR, (13) 
igs; . . 
If —— is small (13) can be written 
21 
| Fa _ Aka, 
ie i (14) 
and combination with equation (34), Appendix 1 yields the result 
Lak, ; : 
ko; | AT Qre”/RT’ u 
or 
9 pia 
arp (lin kes) =Quo*/RT? (16) 


which is the exact form of the Arrhenius equation. 

An analogous relation for the case of transport of matter has also been 
shown to hold (Spanner 1953). Although equation (16) has only been proved 
for the case of a simple gaseous system it seems fairly clear that it is 
generally applicable. With condensed systems however the conceptions of 
separate temperatures for the different species, and of a »heat of transfer», 
become rather artificial. In particular the calculation of the total entropy 
change by summation of the constituent changes needs justification. 

Equation (16) enables the value of Q.* to be found exactly from the tem- 
perature dependence of the reaction rate (or permeability, in the case of 
transport processes). This obviates the approximations introduce earlier in 
connection with the use of E,. 


Summary 


In transport phenomena two categories are usually recognised — passive 
and active. Passive transport involves broadly speaking movement down 
an activity gradient, whereas active transport may take place in either direc- 
tion. The same two categories apply in considering biochemical changes. 
Hitherto biochemical syntheses have been understood as resulting from a 
series of stages each of which occurs passively, i.e. in the direction of a free 
energy decrease. ‘However, it is possible that reactions may take place 
directly in the opposite direction, and the present paper discusses this 
question. The theory put forward depends upon the fact that a reversible 
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chemical reaction can-come to rest at a point considerably removed from 
its true position of equilibrium if the products are maintained at a tem- 
perature different from that of the reactants. Such a difference of tempera- 
ture between two systems occupying the same space is well-known in 
physics; it involves what is called »scalar flow of heat». It can arise in the 
cell in two ways; firstly through the simultaneous occurrence of a normal 
chemical reaction, especially where this has a high activation energy; and 
secondly, through diffusion of metabolites across a membrane constituting 
a potential energy barrier. Both of these processes result in a separation of 
»hotter» from »colder» molecules. 

The significance of active mechanisms seems to lie especially in their 
possible association with structural features of the cell, such as the system 
of membranes observed by Sjöstrand in the mitochondria. The minuteness 
of these structures makes deviations from the macroscopic laws of thermo- 
dynamics possibly very important, and this may have a bearing on the effi- 
ciency of active mechanisms. 

There are appendices on the thermodynamic theory, and on the calcula- 
tion of the »heat of transfer» for a chemical reaction by means of its con- 
nection with the temperature dependence of the reaction rate. 
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Introduction 


The inverse relationship between nitrogen supply and root development 
is a well known phenomenon. Thus deficiency of nitrogen gives long and 
slender roots, whereas with an increasing amount of nitrogen the roots grow 
shorter and sturdier. The underlying processes, however, are less well known. 
Söding (6) among others has suggested that nitrogen affects the content of 
natural auxin in the roots. This view is supported by experiments made by 
Avery, Burkholder, and Creighton (1, 2), which revealed a general connec- 
tion between growth vigour and hormone content; with impaired develop- 
ment due to nutrient deficiency the content of hormones decreased. Only 
with respect to nitrogen, however, could a specific effect be detected; an 
increasing supply of this element resulted in an increasing hormone content. 
Burström (4) has pointed out that cell elongation is not only a function of 
hormonal activities but also a result of an interaction of hormone and 
nutrient conditions as well as of osmotic and water supply conditions. The 
research done by Burström during recent years over the effect of different 
auxins and antiauxins on root growth has strikingly demonstrated this 
(Burström, 5). The present study is an attempt to clarify the relation between 
nitrogen supply and root development. 


Material and Methods 


The test material was young plants of Weibull’s Eroica wheat. The plants 
were grown under artificial illumination at 20° C in stationary, daily renewed, 
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Table 1. Root development at different nitrogen supply. Material was harvested and 
measurements undertaken after 4, 7, and 10 days respectively. Initial pH 5. 


ze ger? 


Increase a aha ISERE Cell length in p at Relative cell number at 
in mm a 
DO ‘à a 3, Ne ine T i) 3. 
harvest | harvest | harvest | harvest | harvest | harvest | harvest|harvest| harvest 
> 52.8 54.0 30.3 256+3 316 + 4 | 321 + 4 206 171 94 
310 51.6 44.6 29.7 272 + 3) 252+ 3 | 256 +3 190 ied 114 
10-3 53.6 36.4 15,0 256 + 3) 232 4+ 4/212+4+3) 209 151 71 
Sl 52.0 35.6 17.6 240 +3|212+3|204+3 243 172 86 
10-2 50.1 Bil 7? 22.9 204 + 3) 216+ 3 | 188 +3 246 144 122 


well aerated nutrient solutions of the following composition: NaNO, 1/100— 
1/10.000, MgSO, 1/1.000, MnSO, 1/100.000, CaSO, 1/10.009, FeC,H;0; 
1/50.000 and PO, 1/1.000. All concentrations are expressed in mol per litre. 


Experimental 


In order to obtain a general idea of the root growth at different levels of 
nitrogen supply a preliminary experiment was carried out and the results 
are presented in Table 1. 

Besides the general influence of nitrogen on root development, which will 
be discussed in connection with the next table, this experiment reveals a 
time relationship, which probably depends on the fact that the nitrogen 
supply in the seed has to be used up before a deficiency of this element in 
the nutrient solutions becomes manifest in the root development. It is seen 
in Figure 1 that this takes place after about seven days. 

The next step in the investigation was to study the effect of the auxin 
1-naphtylacetic acid as well as the auxin antagonist a-parachlorophenoxy- 
isobutyric acid (PCIB) on root growth at different levels of nitrogen supply. 
The general effect of PCIB on root development has already been studied by 
Burström (5). The results of the present experiment are given in Table 2. 

If at first we restrict ourselves to the sole effect of nitrogen on root growth 
we find from this table and the preceding one that the increase in root length 
at a low level of nitrogen supply and the stunted root growth at very high 
nitrogen concentrations are the results of a combined action of nitrogen on 
cell elongation and cell multiplication rate. PCIB together with low nitrogen 
concentrations has no effect on total root length; a slight increase in cell 
length is counteraced by a reduced cell multiplication, whereas together 
with high nitrogen concentrations the increase in root length is very marked, 
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N assim. 


Total weight 


Roots + shoot 


10 0,5 
N from 
the seed 
oa 
= 
= 
Zz © 
De = 
= > Seed 
(= a = 
Days 7 4 8 12 
Figure 1. Growth and total nitrogen in young wheat plants. — Data for 28 plants grown 


under constant conditions: 22° C, artificial light, and with flowing nutrient solutions. Nitro- 
gen source NaNO3 10-?. N assim. denotes nitrogen taken up from the solution and 
assimilated. 


being the result of an increase in cell length as well as cell multiplication 
rate. The effect of 1-NAA is the reverse of that of PCIB in so far that 1-NAA 
is far more effective in reducing root length at low levels of nitrogen supply 
than at high. 

The inhibitory effect of a rich nitrogen supply on the cell multiplication 
was still more strikingly demonstrated in an experiment with deseeded plants 
(Table 3). 

With a high level of nitrogen supply the root growth stops completely. 
If PCIB is added this inhibition is counteracted to a very high degree. That 
PCIB does not interfere with the protein synthesis is obvious from Table 4, 
where the results of nitrogen analysis of the material in Table 2 are given. 

The conclusion that can be drawn from the foregoing is that it is unlikely 
that the effect of nitrogen on root development is due solely to the nutrient 
balance and an unfavourable C : N relation. 
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Table 2. The effect of PCIB and 1-NAA on root development at low and high nitrogen 
supply. Plants grown for nine days. Control material harvested and treatment started after 
six days. Initial pH 6. 


ET 


Increase in root length 5 1 
NaNO, M Treatment during treatment mm. Cell length u. |Cell number rel. 
ee Re ee es ee eier ne At nt eg ue ne. 
52.9 256 + 4 207 
= 51.2 225 +3 228 
Sr 53.1 286 + 4 186 
nz PCIB 1077 | 51.1 257 +4 199 
§ 31.6 208 + 3 152 
1-NAA 3.1078 | 39.8 204 + 3 195 
23.6 7) Se 3} 137 
= 72, 152 + 4 179 
= I: 51.1 261 + 4 196 
10-2 PCIB 10-5 { ae as ae 
22.7 (Sy dee 166 
= . —8 
a ee { 25.5 149 E2 71 


Table 3. The effect of different nitrogen supply and PCIB on deseeded plants. Plants 
grown for ten days, deseeded on the fourth day when also treatment with PCIB started. 


Initial pH 6. 


T Total root a Cell number 
reatment length after deseed- Cell length x. 
length mm : rel. 
ing mm. 
— 95.9 26.8 258 104 
PCIB 10-3 104.3 32.2 294 120 
AR. 82.2 10.6 227 47 
BRCIBZ10—2 9729 26.3 301 87 
— 70.3 2.7 176 15 
PCIB 10-5 89.0 21.4 294 13 


Table 4. Nitrogen analysis of the material presented in Table 2. Determinations according 
to Kjeldahl, soluble nitrogen after precipitation of proteins with trichloroacetic acid. 


NaNO, M 


Treatment 


PCIB 10-5 
1-NAA 3. 10-8 


PCIB 10-3 
1-NAA 3.108 


Increase in dry 
matter during 
treatment mg. 


85 
95 
105 


45 
50 
50 


ET 


Nitrogen mM/g dry matter 
Insoluble Soluble Total 
1.08 0.23 1.31 
1.25 0.24 1.49 
1.37 0.24 1.61 
2.31 0.26 2.57 
2.49 0.25 2.74 
2.29 0.34 2.63 
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Discussion 


Discussing the results of the present study there are two basic ideas which 
deserve attention. The first has already been mentioned in the introduction: 
nitrogen affects the hormone system. The other one, put forward lately by 
Brian and Rideal (3), suggests that the lipid : nitrogen ratio may regulate 
auxin activity, a high protein content inactivating auxin. The latter idea was 
considered of special interest as it seemed justifiable to assume that the 
protein content of the plants, including the roots, increases with increasing 
nitrogen supply. The present results, however, are not in agreement with 
those of Brian and Rideal. Contrary to what should be expected on the basis 
of their experiments plants with a high level of nitrogen supply show a 
pronounced growth inhibition. As seen from Table 4 the amount of insoluble 
nitrogen in mmol per gram of dry matter in the piants which have a rich 
supply of this element is about twice that in the nitrogen-deficient plants. 
If calculated per relative number of cells, however, the two series do not 
deviate significantly. 

As nitrogen-deficient plants are sensitive to 1-NAA but relatively insensi- 
tive to PCIB and the reverse situation was found for plants with high levels 
of nitrogen supply it is suggested, in conformity with the findings of Avery, 
Burkholder, and Creighton (1), that with increasing supply of nitrogen the 
production of natural auxin increases correspondingly. This idea is supported 
by the fact that even the total inhibition of root growth by high nitrogen 
concentrations in the deseeded plants could be overcome by addition of PCIB. 


Summary 


The inverse relationship between root development and nitrogen supply 
was studied. The increase in root length in cases of nitrogen deficiency was 
found to be due mainly to an increase in cell length, whereas the growth 
inhibition at a high level of nitrogen supply is the result of a combined 
action of a reduced cell multiplication and cell elongation. The antiauxin 
a-parachlorophenoxyisobutyric acid counteracts the growth inhibition 
strongly at a high level of nitrogen supply, and its effect in nitrogen defi- 
ciency is slight. The auxin 1-naphtylacetic acid, on the contrary, reduces the 
root elongation more at low than at high levels of nitrogen supply. 

It is suggested that with an increasing supply of nitrogen the amount of 
natural auxin in the roots increases correspondingly, which could explain 
the different sensitivity to auxin and antiauxin. 
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Introduction 


Whereas the requirement of green plants for certain mineral jons, some 
in only minute amounts, is well established, the problem of whether certain 
organic substances affect plant growth has been a matter of some con- 
troversy. The fact that plants can be grown successfully in water to which 
only the purest salts have been added has been accepted by some as evidence 
that organic substances play a minor or negligible part in plant growth and 
nutrition. 

Recently it has been shown that plant growth can be controlled by auxins. 
organic substances required in exceedingly small amounts. Presence in the 
soil of hetero-auxin is considered a possibility from results of Kandler (1951). 
As antibiotics also effect the growth of plants (Nickell 1952, 1953) it seems 
that directly or indirectly, organic matter may have a pronounced effect on 
plant growth. 

At the turn of the century, the growth promoting effect of charcoal was 
recognized and interest extended to the fertilizing effect of brown coals and 
lignites. In either water or soil culture some brown coals were shown to 
have a stimulatory effect while others actually depressed plant growth. 

The reason for this stimulatory effect has been investigated by many. 
Fuchs and co-workers (1933) held that the mineral substances in brown 
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coal were responsible for the growth promoting effects. Kissel (1930) and 
Lieske and Winzer (1935) claimed that humic substances were the active 
agents. This has recently been supported by Dolgopolow and Rubarn (1952). 
Vouk (1952) has advanced the view that stimulation by various brown coals 
and lignites is due to unidentified substances of hormonal character. He 
pointed out that compounds of oestrogenic character have been found in 
brown coal. 

Humic acids, defined by Burk and co-workers (1932 a) as that fraction 
of soil, peat or related substances »which is reversibly dissolved in dilute 
alkalis and precipitated in dilute acid», have been intensively investigated 
for many years. Forsyth (1947 a, b, 1950) has fractionated humic acid and 
shown it to be a complex of many substances containing phenolic and 
carboxylic groups. Von Schlichting (1953) has improved Forsyth’s methods 
of fractionating the complex. Its growth promoting effect on bacteria and 
on plants has been demonstrated by Burk (1931, 1933 a, b) and others, and 
appears to be due to its complexing action which keeps the iron of the 
medium soluble and thus, presumably, more readily available to the plant. 
Barbier et al. (1951) enumerate many theories for the growth promoting 
effect of humic acid in soil. 

The effect of chelating agents on plants growth has been investigated by 
Heck and Bailey (1950), who, from their studies concluded that the chelating 
agent is not absorbed by plants. Ethylene diamine tetra-acetic acid (E.D.T.A., 
versenic acid, versene sequestrene) has been used as a chelating agent for 
iron in plant nutrient culture (Jacobson 1951). Waris (1953) has questioned 
whether the stimulation of growth obtained with E.D.T.A. is solely due to 
its chelating properties. 

For many years plant physiologists have been faced with the enigma that 
chlorotic plants may containg as much total iron as do healthy green plants 
(Bennett 1945). Some of the iron absorbed by chlorotic plants apparently 
becomes unavailable and may occur in the vascular bundles as insoluble 
ferric phosphate (Olsen 1935, Biddulph and Woodbridge 1952). But the 
fact that this precipitation occurs in a chlorotic plant only and not in a 
healthy plant supplied with chelated iron in the nutrient solution has not 
been successfully explained. 


Experimental 
(a) Lignite 


A sample of lignite known to have growth promoting properties was obtained 
from Velenje, Yugoslavia. The sample was taken from the screening dust and was 
ground to a fineness of 0.2 mm. or smaller. Fractionation of the lignite was effected 
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by extracting overnight with cold 3 per cent hydrochloric acid, filtering and 
washing until no reaction was obtained for chloride. The washings were discarded. 
The filtrate was evaporated to dryness and taken up in a small volume of dilute 
HCl and designated Soluble Salts (Ss). The residue (Ra) was twice extracted for 
24 hours with 2 per cent sodium oxalate on a water bath at 90—100° and filtered. 
The filtrates were bulked and one eighth of this volume of concentrated hydro- 
chloric acid added, left overnight and the precipitate filtered after the bulk of the 
supernatant liquid had been syphoned off. The precipitate was dissolved in 0.1-N 
caustic soda and reprecipitated with one tenth volume of concentrated sulphuric 
acid. It was then washed free of sulphate ions, dissolved in 0.1-N caustic soda so 
providing the humic acid fraction (HA). The residue from the sodium oxalate 
extraction was thoroughly washed with water, then with dilute hydrochloric acid, 
and again with water (Rb). 

Sodium oxalate was used as extractant because it is less virogorus in its action 
than humic acid. For sodium hydroxide, figures as high as 95 per cent have been 
obtained for the humic acid content of some brown coals (Kürschner 1940). Syn- 
thetic humic acid was prepared according to Horner et al (1934). 

The amount of humic acid was determined by a modified Chaminade (1946) 
method whereby an aliquot of solution is diluted to 50 ml., 20 ml. 0.1-N KMnO4 
added and boiled exactly ten minutes, then 20 ml. sulphuric acid (1:5) and 20 ml. 
0.1-N sodium oxalate added and back titrated with potassium permanganate. 
(A smaller aliquot is used if the permanganate titre exceeds 12 ml.) 1 ml. per- 
manganate corresponds to 1.02 mg. humic acid. 

The residues Ra and Rb, even though washed to neutrality, gave an acid reaction 
in water culture experiments, doubtless due to exchangeable hydrogen. Lignite and 
residues Ra and Rb were ashed in a muffle furnace at 460° in silica crucibles 
These ashes were designated Al, Aa, and Ab respectively. Yields from 1 g. air dried 
lignite were: (g. oven dried) Ra 0.76, Rb 0.69, H.A. 0.15, Al 0.207, Aa 0.11, Ab 0.082, 
Ss 0.100. 


(b) Water culture 


Mustard (Sinapis alba) was chosen as a quick maturing plant known to be affected 
by addition of lignite in water culture (Vouk 1952). For containers, pint (550 ml.) 
bottles were used, wrapped in black glossed paper and fitted with a waxed cork 
perforated with three holes around the perimeter to hold three mustard seedlings 
and a central hole for a glass tube support. Each bottle contained 0.25 g. NaNO,; 
4.35 g. Ca(NO,), 4H,0; 0.25 g. MgSO,; 2.6 g. K,SO,; 1.8 g. Na,HPO,. The micro- 
nutrients, when added, were boron, copper and zinc in trace amounts. Treatments 
were replicated. Addition of 1 g. of lignite, finely ground, or the equivalent fraction 
was made directly to the bottle, the pH being adjusted subsequently (and every 
other day) to pH 5.5 with sulphuric acid or sodium hydroxide employing a glass 
electrode. Tap water was used throughout and the transpirational loss made good 
daily. 

The mustard seeds were germinated on wet blotting paper and set in the corks as 
soon as the cotyledons were free from the seed coat (about 4 days). Growth was 
allowed to continue for 3—4 weeks after which the plants were harvested, (roots 
being discarded). After drying at 80°, they were ashed in a silica-lined muffle furnace 
at 460°. Analysis of iron was made by the dipyridyl method (Nicholas 1949) and 
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of phosphorus by the colorimetric phospho-molybdate procedure, using a Spekker 
absorptiometer (Williams and Stewart 1941). Determination of trace elements was 
made by spectrographic techniques (Mitchell 1948) employing quantitative and 
semiquantitative methods. 


Results 


In addition to Na, Mg, Al, Si, K, Ca, Fe the following elements were shown 
to be present in the ash of lignite by spectrographic means: (Semi-quantita- 
tive estimations are given in brackets in p.p.m.) Li (50); V (100); Cr (50); 
Mn (300); Co (10); Ni (30); Cu (30); Zn (1,000); Ga (10); Ge (<30); Rb; 
Sr (200); Y (30); Zr (70); Mo (70); Ag (<1);.Sn (5); Ba (200); La (10); 
Pb (30); Se (< 10); Ti. 

Chemical analyses of the ash of lignite gave 33 °/o SiO,, 11.2 °/o Al,Os, 
7.2 °/o Fe,O,, 18.5 Vo CaO, 5.5 °/o MgO, 1.4 °/o P,O; while the hydrochloric 
acid extract of lignite (Ss) was found to contain 8.6 °/o Fe,O3, 36.4 °/o CaO, 
7.0 “/oaMeOn 231000. BO. 

Table 1 shows the trace elements extracted from 1 g. lignite by 500 ml. 
3 per cent hydrochloric acid, 0.5-N acetic acid and nutrient solution on 
standing for 3 weeks. 

Mustard was grown in nutrient solution as outlined in Experimental in the 
presence of lignite and its various fractions. After 4 weeks the plants were 
harvested and analysed for trace elements. The nutrient solutions remaining 
were filtered off, evaporated and quantitative analyses of trace elements 
carried out. Results obtained are presented in Table 2. 

It can be seen that the addition of lignite to the nutrient solution causes 
a marked stimulation of growth, as do certain of its fractions. However, on 
comparing the trace elements contained in the healthy (L, HA+Ss etc.) and 
chlorotic (control, Rb) plants and the excess of these elements contained 
in the nutrient solution, it is clear that stimulation of growth obtained by 
adding lignite or certain fractions of lignite was not due to the trace elements 
added. 

Average dry weights of two experiments in which mustard plants were 
grown in nutrient solution with various lignite fractions added are presented 


Table 1. Trace Elements extracted from Lignite. Expressed in ppm. 


Solyent IV; | Cr | Co | Ni | Zn | Mo | Sn | Pb 
ao eh 11.0 0.3 | 1-2 | 7.0 | 80.0 | 4.0 5.0 
0.5-N Acetic acid | 014 | 0.98 | 05 0 pal 015 3.0 0.5 
Nenn solution 0.03 | 035 | 0.03 | 022 | 70 0 15 0.5 
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Table 2. Influence of lignite and fractions on the trace element content of mustard. The 

upper value refers to the number of microgrammes of trace element per plant, the lower 

value referring to the number of microgrammes of trace element remaining in solution in 
500 ml. of nutrient solution. 

m De us u nt FE er re Fr ee a Fe 


| ; | Average dry | | 
No. | Fraction added | weight per | V Cr Co Ni Zn | Mo | Pb 
plant (g) | | 
IE | 0.06 tr. | 0.0 2 
1 Kemer)! 0.224 { oe Le 2 1.4| 38 | 0.32 1.4 
Dr en | 0.5 125 | 0.34! 34| 118 | 1.3 | 23.0 
2 | Residue b (Rb) ......... 0.101 { DE AURA ME ee PSN PE UE 
2.0 |1.1 | 0.32] 43| 125 | 0.3 | 30.0 
USSR ae cae ae He { 0.06) tr. | 0.06} 1.4) 29 |0.08| 65| 
| sre d2 0.156 4/95 | 3.0 |o27| 42) 150 | 0.68| 35.0| 
ee, on | Er | 0.05 | 0.09 | 0.04| 1.9) 24 | 0.15] 24 
fT eer. pee! i435 9/028 49150 | 1.4 655) 
| | | | 
| 0.08 | 0.09] 0.10} 12 26 | 0.2%6| 1.7 
ET ose cen 2 
Ben 2.218 { i.1 | 25-103 12325580 65 
rs er | 507 f| 0:06) 0.18} 0.08) 0:7) 34 |. 0:36) 3.1 
| PH". | 0.207 { ns Re Ut lee 
| | | | | | 
| 7 | HA+Soluble Salts (Ss) ../ 0.205 1 Ah EL ae EPRI ae ere 
| | A tee 2) A0 
| | 0.02 | 0.05 0.03| 0.7| 22 | 0.04] 1.7 
Bam ee .05 | ‘ Bay j 
| cate! pore 5. 71:5 0080/9 3.51) 685°) 0.251 7.0 


in Table 3. A growth index has been calculated from the control dry weight 
taken as 100, to aid comparison. Whereas the ash of lignite or the ash of 
any fraction depressed growth and any one fraction of lignite added alone 
had but little effect, the addition of both humic acid and soluble salts or 
any equivalent fractions together caused a marked stimulation of growth. 

A nutrient solution with no iron added and high in phosphorus has been 
employed in these experiments. Additions of the soluble salts fraction, which 
contains 6 per cent of iron, would contribute 6 mg. of iron per culture flask. 
However, addition of iron or humic acid alone has little effect and it is only 
when humic acid and iron are both added that healthy growth is obtained. 
Thus, when iron was removed from the soluble salts fraction by exhaustive 
extraction with ether, the residual solution (Ss’) depressed growth even when 
used in conjunction with humic acid. 

Fineness of grinding, which influences the solubility of the constituents, 
is important in determining the degree of response. With particles of dia- 
meter less than 0.15 mm. (L1) good growth was obtained, whereas with 
lignite with particle size of 0.5—1 mm (L2) or with particles larger than 
1 mm (L3) progressively less growth response resulted (Table 3). A better 
growth response was obtained when the nutrient solution was supplemented 
with 13 p.p.m. Fe as ferric chloride together with fraction Ra or humic acid 
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Table 3. Influence of lignite and fractions on the growth of mustard. 


zz 


Experiment 1. Experiment 2. 

ari Aver. Dry wt.| Growth one Aver. Dry wt.| Growth 

SEL per se (g.)| Index RAR per plant (g.)| Index 
igniter (ML) gone 0.261 326 ignites (Beer 0.224 386 
Be AE?) 26568 0.215 268 Residue b (Rb) .... 0.101 174 
Lignite (L3) ...... 0.110 137 RDA Te oe 0.156 269 
Humic Acid (HA).. 0.176 220 Rb+HA+SS ...... 0.237 401 
Soluble Salts (Ss).. 0.99 124 Ash of Rb (Ab)... 0.056 96 
HA-HSST ER Re ee 0.197 246 Ab+HA+SS ...... 0.218 76 
Lignite ash (Al)... 0.048 60 Al+HA+Ss ...... 0.207 357 
Ash of Rb (Ab) ...| 0.067 84 Humic Acid (HA).. 0.103 178 
Ash of Ra (Aa)... 0.073 91 HAS ees 0.205 354 
Waist SS) cr nee 0.091 114 Control are. 0.058 100 
Na HAT. enger: 0.178 222 Ss’ (ether extracted) 0.037 63 
Gontrole erg 0.080 100 HASLSSCH ee 0.044 75 


than with lignite alone. Taking lignite as 100, the growth indices were Ra+ 
13 Fe, 145; HA+13 Fe, 137; Ra, 81; HA 65. In Table 4, the iron and phos- 
phorus analyses are given of mustard plants in experiment 2 of Table 3. 
It can be seen that much the same iron values are found for all plants, 
whether healthy or chlorotic, but that the phosphorus values of chlorotic 
plants may be twice as great as those of healthy plants. 

To show that the beneficial effect of humic acid in nutrient solutions was 
due to its complexing action on the iron, an experiment was set up in which 
iron was supplied as ferric chloride, citrate and versenate at the rate of 0, 2, 
4, 8, and 16 p.p.m. Fe. The ferric chloride being supplied alone and together 
with 5 mg. of synthetic (Fe H(s)) and lignite humic acid (Fe H(l)). Iron 
and phosphorus analyses of the plants are given together with growth 
responses in Table 5. 


Table 4. Influence of lignite and fractions on the composition of mustard. 


Height/plant 5 Per cent of 
No Addition Symptoms (cm.) naeh Dun dry weight 
Best. | Av. Fresh| Dry | Ash | Fe P 
DKL healthy (sl. chl.) 24 | 20 | 1.75 | 0.224| .0276 | 0.011 | 0.32 
2 | Rb chlorotic 13 9 0.85 | 0.101 | .0201 | 0.015 0.43 
3 | Rb+HA chlorotic 16 13 1.31 | 0.156 | .0252 | 0.012 0.37 
4 | Rb+HA+SSs | healthy 31 25 1.78 | 0.237 | .0299 | 0.0095| 0.30 
5 | Ab+HA+Ss | healthy 30 23 1.85 | 0.218 | .0312 | 0.0126| 0.33 
6 | Al+HA+Ss healthy 29 22 1.69 | 0.207 | .0269 | 0.0082| 0.31 
7 | HA+Ss healthy 39 25 1.78 | 0.205 | .0296 | 0.013 0.32 
8 | HA chlorotic 12 10 1.05 | 0.103 | .0181 | 0.034 0.54 
9 | Ab chlorotic necrotic 6 4 0.43 | 0.056 | .0112 | 0.032 | 0.60 
10 | Control chlorotic necrotic 7 5 0.45 | 0.058 | .0119 | 0.022 | 0.62 
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Table 5. Influence of different sources of iron on the composition of mustard. 


| 5 Average weight | 9, Lg per 
Treatment Symptoms | do per plant g. 10. of ash Se ee 
: ati 
| Best |Aver. Fresh} Dry | Ash Pp Fe | B Fe ; 
| | | 

‚Control 0 Fe Sev.chl.;Nec 9 | 6.4 | 0.44 | .036| 8.3 | 4.37 | 0.152] 362.7) 12.6 | 28.7 
FeCl; 2 Fe| SI. chl. 22 |10.6 | 1.38 | .136 | 22.0 | 3.16 |0.109| 695.2) 24.0 | 26.6 

» 4 Fe, Green | 25 |18.7 |2.83 | .268 | 44.8 | 2.92 | 0.206 1,308.2) 92.3 | 14.1 

» 8 Fe, Green | 28 |20.2 |3.00 | .373| 51.7 | 2.78 | 0.120 1,437.3| 62.0 | 23.0 

| » 16 Fe| Green | 25 |19.6 | 2.70 | .300 | 50.3 | 2.37 | 0.109 1,192.1) 54.8 | 21.7 
HAC 0 Fe! Chlorotic | 19 |12.3 |1.78 | .193 | 26.2 | 2.67 | 0.097! 699.5) 25.4 | 27.6 

| » 2 Fe| SI. chlorotic | 21 |13.3 |1.91 | .221 | 29.0 | 2.45 | 0.099) 710.1| 28.71| 24.7 
» 4 Fe, Green | 26 113.9 | 1.98 | .234 | 39.0 | 2.36 | 0.100) 920.4) 39.0 | 23.6 

» 8 Fe| Ggeen 40 | 24.0 | 2.40 | .353 | 46.4 | 2.27 | 0.122 1,053.3| 56.6 | 18.4 

» 16 Fe| Green | 30 |17.8 | 2.03 | .268 | 40.7 | 2.05 | 0.149] 834.4| 60.6 | 13.7 

| HAL 0 Fe} Sev. c.._-ouc| 24 |15.4 |1.50 | .180 | 27.3| 2.78 | 0.092] 758.9] 25.1 | 30.0 
» 2 Fe| SI. chlorotic | 23 | 15.0 11.82 | .233 | 31.1 | 2.98 | 0.117) 926.8| 36.4 | 25.5 

» 4 Fe, Green VAY (221 7S 150) 408) * — | — 1,477.7] 57.8 | 25.3 

» 8 Fe, Green 129 193.5 13.12 | 2497) # | = | = [1,406.7 57.1, | 24.7 
"HG Fe Green 34 |21.3 |2.55 | .369| * — — |1,083.3| 45.0 | 23.9 

Fe Cit. 0 Fe) Sev. chlorotic| 9 | 6.0 | 0.79 | .063 | 17.2 | 3.55 | 0.096) 610.6] 16.5 | 37.8 
| » 2 Pe | Chiorotic ), 28. 111.0 | 2.20 | .196 | 37.0| 3.25 | 0.092 1,202.5) 34.0 | 35.2 
25 Fe| SL chlorotic | 23 |13.6 |217 | 213; * | — | — | 991.7| 32.0 | 30.7 

| » 8 Fe Green 35 | 23.5 | 3.12 | .378| 59.2 | 2.45 | 0.160 1,450.4| 94.7 | 15.0 
» 16 Fe| Green | 29 |22.3 |2.98 | .375 | 58.1 | 2.25 | 0.124 11,307.3| 72.0 | 18.2 

Fe V 0 Fe| Chi. necrotic; 9 5.75| 0.475| .061 | 13.7 | 4.89 | 0.129} 669.0) 17.7 | 37.7 

» 2 Fe| Green | 43 | 24.8 | 2.73 | .386 | 56.6 | 2.54 | 0.178/1,437.6/100.7 | 14.0 

» 4 Fe! SI. chlorotic | 27 | 15.3 | 1.475) .191 | 33.5 | 2.82 | 0.545; 944.7|182.6 5.3 

» 8 Fe Si. chlorotic 35 |15.5 | 1.38 | .202 | 30.0 | 2.62 | 0.495| 786.01148.5 5.3 

» 16 Fe, Chl. Wilting | 23 |10.8 | 0.86 | .076| 10.2] 3.62 | 0.811) 369.2] 82.7 4.4 


* Wet ashing technique employed. 


It is clear that ferric versenate at 2 and 4 p.p.m. Fe gives excellent growth, 
but at higher concentrations it is toxic. Synthetic humic acid gives results 
equal or superior to humic acid extracted from lignite and both give results 
superior to ferric citrate. The growth response would therefore appear to 
be directly related to the complexing ability of the organic moiety. 


Discussion 


Experiments reported here deal with only one type of lignite or brown 
coal, and this has been used only in water culture. All evidence accruing 
from our experiments however supports the contention that stimulation of 
growth obtained with lignite is not due to its trace element content but 
depends rather on the humic acid and iron it contains. As previously stated 
by Burk and co-workers, the beneficial function of humic acid in the 
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nutrient culture of any organism seems to be due to its complexing action 
on the iron in the medium, maintaining it in solution and thus rendering it 
available. Evidence supporting this view has been supplied by Rediske and 
Biddulph (1953), who have shown that humic acid maintains far more iron 
in solution at pH’s of 5—7 in presence of phosphate than do other com- 
plexing agents such as citrate or tartrate. The even greater complexing 
action of versenic acid is demonstrated by the results in Table 5 which 
show that mustard can be successfully grown with 2 parts per million of iron 
if this is supplied as the versenate. 

The results of iron and phosphorus analyses presented here and also other 
unpublished results, support the findings of Olsen (1935), Rediske and 
Biddulph (1953) and others that it is the phosphorus/iron relationship rather 
than the total iron content which determines whether a plant will be chlorotic 
or not. Plants having a high percentage phosphorus in the ash will be 
chlorotic if the iron value is low. If too much available iron is supplied as 
versenate an iron toxicity develops. From Table 5 it appears that the critical 
phosphorus/iron ratio for healthy growth of mustard, under the condition 
of these experiments, is between 12 and 25. Above these limits the plants 
suffer from lack of iron while below an iron toxicity develops. 

From results of Wallace and North (1953), it seems undoubtedly the case 
that the whole iron versenate molecule is absorbed by the plant and this is 
subsequently broken down in the tissues, probably under the action of light 
(Jones and Long 1952). It is indeed difficult to comprehend how the chelate 
could prevent iron precipitation in the vascular bundles if the chelate itself 
is not absorbed by the plant. However, the action of humic acid in pre- 
venting the precipitation of iron in the plant would involve the absorption 
of a very large molecule, though it is possible that monomeric chelating 
groups may be split off from the complex polymer at the root surface. 

It is evident that further study of the action of chelating agents is neces- 
sary before their full contribution to the physiology of the plant can be 
elucidated. A comprehensive series of experiments on these lines is being 
undertaken at the Macauly Institute. 


Summary 


1. It is shown that mustard grown in water culture responds markedly 
to small additions of lignite. Lignite was fractionated into substances soluble 
in 3 per cent hydrochloric acid and organic residues soluble in sodium oxalate 
and precipitated by acid (humic acids). While neither fraction had a marked 
effect alone, the two together stimulated growth of mustard in water culture 
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very markedly. Stimulation was considered to be due to the complexing 
action of the humic acid on the iron in solution rather than to any trace 
elements contained in the lignite. 

2. A comparison is made between the growth promoting action of humic 
acids (natural and synthetic) and ethylene diamine tetra-acetic acid. The 
ability to form a metallo-organic complex, probably rendering the iron in 
the nutrient medium more available, appears to determine the growth pro- 
moting response. 

3. From our results it would appear that the relative amounts of iron and 
phosphorus absorbed by the plant determine whether the plant will show 
chlorotic symptoms or appear healthy. 
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Methods for determining stages of development in cereals has been worked 
out by Gregory and Purvis 1938 (rye), and by Andersen 1952 (barley and 
oats). The present paper describes experiments to find a method for deter- 
mining the stage of development of wheat based on the morphological 
development of the spike. 

Feekes has described a method for determining the development stage of 
wheat based on the external morphological development of the plant, but he 
does not take into consideration the development stage of the spike until 
after heading. The present method is based on Bonnett’s investigations of the 
development of the wheat spike. Bonnett has studied in particular the forma- 
tion of the different parts of the spike and has published excellent micro- 
photographs of the spike at various stages of development. 


Method and discussion 


In 1949 and 1952 the variety Eroica was used for the investigation, in 
1953 the variety Skandia. The crop was sown in the field in autumn and the 
first analysis was made about April 10th. Thereafter examinations were 
made at short intervals. The growing points or spikes on the main stem of 
12 plants were dissected out with the aid of a binocular microscope and the 
development noted. Based on these analyses the classification shown in 
Table 1 was introduced. In the grouping certain conditions were important: 
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Table 1. Development of the growing point and the spike. 
oS 


Stage Developmental morphology 

1 With a single leaf primordium or without any. 

2 2 to 3 leaf primordia (single ridges). 

3 | 4 to more leaf primordia. À 

4 The leaf primordia are being transformed to primordia of the spikelets (double 

ridges). The apices of the spikelet primordia are stumpy square-cut. 

5 The apices of the spikelets are hemispherical. 

6 Empty glumes visible. 

7 Lemma visible. 

8 Anther initials visible. 

9 Awn on the lemma in the top spikelet. 

10 Awn longer than the spikelet in 2 or more spikelets. 
| ia | Most spikelets covered by empty glumes and lemma. 

12 All spikelets covered by empty glumes and lemma. 

13 | Heading. 


first, the morphological characters used must be readily seen, secondly, they 
should represent periods of nearly equal lengths, thirdly, the spikes of a 
single analysis should not be classified in more than two groups (stages). 

In stages 1—5 the same morphological characters are used as in barley 
(Andersen 1952). At this early stage of development, barley and wheat spikes 
look so much alike that they may easily be mistaken for each other. The only 
difference lies in the fact that leaf primordia and spikelet primordia are more 
readily visible in barley than in wheat. The morphological characters in 
wheat are most difficult to recognize in stages 2—4 and, to some extent, in 
stage 7. In stage 5, the characters were readily distinguished, and stage 3 
and stage 5 will never be mistaken for each other as might be the case in 
barley. 

As far as possible, each of the 12 morphological characters used repre- 
sented 12 development periods of equal length. When this is the case, the 
results of the analyses plotted against time will be a straight line. Figure 1 
shows to what extent this is true. In the figure, the first analysis from each 
of the three years is placed so that the points representing the three years 
practically coincide. Until the spike has passed stage 2, rate of growth is 
slow; from then until stage 10 it is nearly constant. An average of six days 
is necessary for the plants to grow from one stage to the next. Except in the 
case of the first analyses in 1949, deviations may well be due to varying 


Table 2. Number of analyses with spikes of one or more stages. 


mm ee 


| Number of stages | One stage only | 2 stages | 3 stages | 4 stages 


| Number of Rete 14 | 34 | 10 | 1 
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Stage of spike 


Figure 1. Stage of the 
wheat spike at successive 
dates in 3 experiments. 


o 10 20 30 40 so 60 
Time in days 


climatic conditions. The deviations in 1949 are doubtless caused by the un- 
satisfactory analysis technique of that time. 

Spikes in an analysis may generally be grouped in one or two stages of 
development, or, in few cases, a single spike may be in a third. Table 2 
shows the number of analyses in which spikes were found in one or more 
stages. This table also comprises several analyses of more casual origin and 
therefore unsuitable for reproduction in figure 1. 

It is difficult to count the leaves of winter wheat; the lower leaves wither 
early in spring and it is not easy to distinguish between the leaves of the 
main stem and those of the tillers. Therefore, although leaves were counted 
in earlier investigations on stages of development in barley and oats, no 
counts were made in this investigation. 

In a few analyses the stage of development was determined by Feekes’ 
method, but not in a sufficient number to permit a reliable comparision 
between the two methods. Feekes’ method may be a little quicker than the 
one here described, especially when a small number of analyses are to be 
made. If there are many, the determination of spike development by the 
method here described can be made relatively quickly. With sufficient 
routine 12 plants may be examined in half an hour plus time required for 
drawing samples in the field. 

It is advantageous to preserve the plants in alcohol a few days before the 
examination. After 2—3 days most of the wax-like substance around the 
spike has been dissolved and the plant tissue has become so brittle that it is 


easier to work with. 
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Summary 


A method for determining stages of development in wheat is described. 
The determination is based on the development of the growing point or spike. 
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It is generally known that spraying with growth regulators may occasion 
growth disturbances and ear distortions in grain crops. At the department 
of Plant Culture, experiments have been carried out for several years to 
study these injurious effects. In earlier papers the nature and extent of the 
damage was discussed (Pedersen, Andersen and Hermansen 11; Andersen 
and Hermansen 2; Andersen 4). The present paper deals with the formation 
of abnormalities in the very young barley spike due to spraying with 2,4-D 
and to the effects of that treatment on the rate of the plant’s growth. 


Previous investigations. The greatest number of abnormalities in the barley spike 
is found when spraying coincides with the period at which the shoot apex is 
developing into an ear (Andersen 4; Friesen and Olson 8). At this time the ear 
grows rapidly and a rather large cell division must be assumed. Staniforth (13) 
working with corn (Zea mays) observed considerable damage due to spraying, 
during a short, but definite period, and claimed that the injury was due to effect 
on new meristematic tissue. Swanson (14) investigated histological changes in 
Kidney beans and found that ». . . cambium was very active and remained meriste- 
matic.» Hanf (10) advanced the theory that 2,4-D affects tissue which has just 
completed its period of meristematic activity. In such tissue, cell division begins 
again. Eames (6) in investigation of the effect of spraying with 2,4-D on Nut grass, 
notes that affected tissue becomes abnormally meristematic. He believes that the 
injured tissue retains the abnormal structure during the entire life of the plant. 
Eames disagrees with those who believe that injury can appear on tissue or organs 
developed after treatment. He believes that the theory of continued injury on new 
growth is either due to continued growth of injured tissue or growth of buds which 
were dormant at the time of spraying. He states (7) ». . . the injury is done at the 
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time of treatment and is brief, not continuing.» Gifford (9) has made compre- 
hensive studies on the histological changes in the tissue of the leaves of the cotton 
plant. He finds no changes in the growing points themselves, but in primordia 
which appear on the growing points. He claims that ». . . 2,4-D affects not only 
foliage-leaf primordia present at the time of application, but also some that develop 
thereafter.» 

Unrau and Larter (15) noted meiotic irregularities in barley and wheat which 
were sprayed 3—5 weeks after germination. One might therefore believe that 
abnormalities would be hereditary, but Aberg and Denward (1) and Dersheid (5) 
have cultivated two generations from seed of plants with abnormal spikes and found 
no abnormalities in the progeny. Aberg and Denward examined the chromosome 
figure for the progeny of the abnormal spikes and found 2n=14. 


Method. One experiment was made in 1951 and one in 1952. Each year the crop 
raised was Rigel barley, a 2-rowed Danish variety. It was sprayed with a com- 
mercial product of 2,4-D, and the amount used corresponds to 4 kg sodium salt of 
2,4-D per hectare. Plot size was 40—50 square meters; replicates were not used. 

In each plot samples of at least 50 plants were drawn every other day during 
a period of about a month after spraying. The stage development of these plants 
was determined by a method described earlier (Andersen 3) and abnormally de- 
veloped nodes were counted. A normal node consists of a piece of the rachis with 
corresponding spikelets. The abnormal nodes were often a ring shaped formation, 
probably comprising two nodes, but here only counted as one. 


Growth of the Plants. In both experiments the number of leaves was 
unaffected by spraying. There is an indication that it is slightly larger in 
sprayed plants counted late, but this may be accidental. Spikelet develop- 
ment is greatly hampered by spraying and spikes of sprayed plants remain 
longer in a less differentiated development stage than spikes of untreated 
plants (Tables 1 and 2). Not until 3—4 weeks have passed is the develop- 
ment stage practically the same in sprayed and in untreated plants. 


Table 1. Stage of development in treated and untreated plants and number of abnormal 
nodes in 15 spikes from treated plants. Experiment 1951. 


ee Number of leaves Stage of spike Abnormal nodes 
analysis No Sprayed | Sprayed No Sprayed | Sprayed | Sprayed | Sprayed 
treatment; May 19 | May 22 |treatment| May 19 | May 22 | May 19 | May 22 

May 20 2.52 2.70 = 2.8 2.3 — 0 = 

22 2.96 3.00 = 3.5 2.8 = 1 = 

24 3.09 3.14 3.39 3.9 3.2 4.1 7 0 

26 3.62 3.69 3.50 4.5 3.6 4.3 6 0 

28 — = = 5.3 4.9 4.7 27 8 

30 3.90 3.99 3.90 5.9 5.2 4.6 26 14 

June 2 4.43 4.41 4.24 CAO 5.5 5.9 31 29 

i 5.24 5.51 5.56 8.1 18) 7.8 31 20 

11 = — — 9.9 gl 9.5 14 41 
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Table 2. Stage of development in treated and untreated plants and number of abnormal 
nodes in 15 spikes from treated plants. Sprayed on April 26th 1952. 


————— — 


2 Stage of development 
Date of Number of leaves of the Ss Abnormal 
analysis = nodes 
No treatment | Treated No treatment Treated 
Aprile 2 Gee. 2. 2.08 2.02 | 1.93 2.00 0 
DON ee 2.25 2.22 2.00 1.93 0 
30:..- 2.70 2.91 2.20 1.87 0 
May lee 2.98 2.96 | 3.67 2.33 5 
AE. 3.08 3.01 3.93 2.60 10 
Duo 3.76 | 232 4.53 SE 9 
D. 3.94 3.83 5.13 3.87 10 
107... 4.00 4.07 eed 4.73 15 
120. 4.22 4.55 6.40 5.53 26 
ar. 4.68 4.78 7.20 6.20 20 
16 4.91 4.98 7.53 | 6.47 32 
ee 4.97 5.32 1.93 6.80 20 
7) = = 8.33 7.87 35 
28... = = 10.00 9.73 26 


Abnormal nodes always show a younger stage of development than nor- 
mal. Therefore, in some instances, they may have reduced the figures for 
spike development, but this does not wholly account for the difference 
between sprayed and untreated plants. In most of the injured spikes there 
were normal nodes enough for judgement without considering the abnor- 
mal. It was also found that the development stage of treated spikes with 
abnormalities was about the same as that of treated spikes with no apparent 


injuries. 


Abnormalities. The first sign of injury appears 4—5 days after spraying. 
At this time spikes of sprayed plants are hardly as regular in form as those 
of unsprayed plants. However, it is difficult to state exactly what is normal 
and what abnormal. A few days later the abnormality shown in 1 in Figure 1 
may be found. On one side of the spike, development and differentiation 
proceed normally, while on the other side there is a large swelling of undif- 
ferentiated tissue. This abnormality is, however, infrequent. 

The most common abnormality is a ring-like formation (2, 3, and 6 in 
Figure 1) presumably consisting of two nodes. A spike may have a single 
ring, or there may be several on top of each other. On one spike as many 
as six rings were counted. A spike may have one or more rings and other- 
wise normal spikelets, but, as a rule, there are larger or smaller irregularities 
in one or two of the nodes above the ring. 

The first rings are observed 8—10 days after spraying. The rings increase 
in size together with the other nodes, but, though normal nodes differen- 
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Figure 1. Micro-photographs of abnormal spikes. 1. Normal on right side; swelling on 

left side. 2. Normal below arrow; ring formation above. 3. Ring formation in center of 

spike. 4. Normal below arrow; no differentiation above. 5. Normal above arrow; disturbed 
differentiation below. 6. Normal below arrow; ring formation above. 


tiate, the rings remain undifferentiated for a time. About three weeks after 
spraying, the rings begin to differentiate and to develop spikelets, which 
grow very quickly to the same stage of development as the normal spikelets. 
However, differentiation takes place irregularly and it is apparently acci- 
dental where the spikelets initiate on the ring. 

At the beginning of the investigations it was the intention to find out 
whether.the various types of abnormalities in the ripe spike were of the same 
origin, or whether they were formed in different ways. It has been impos- 
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sible to clarify this question, but at least it is clear that several different 
types of abnormalities may originate from the rings. An investigation of a 
very large number of spikes might perhaps throw light on the course of the 
development. Such comprehensive investigations were not made, as all 
abnormalities seemed to be the result of delayed differentiation. 


Discussion. In certain barley varieties, or under certain conditions in com- 
mon barley varieties, formations are observed which resemble abnormalities, 
due to spraying. It has been discussed whether the effects from growth 
regulators and from the active substances in the genes were of the same 
nature (Aberg and Denward 1; Andersen and Hermansen 2:5Sm1thrl2]). 

However, abnormalities from spraying with growth regulators may be 
explained more simply. The present investigation confirms the fact that 
injured tissue remains for a long time in a »young» stage of development, 
where no differentiation takes place. Thus, spikelet development ordinary 
completed during this period is delayed. When development continues, 
injured tissue lags behind the normal, and develops irregularly, at least for 
a time. 

Having reached the same stage of development as normal, injured tissue 
is presumably affected in the same way as other parts of the spike. At any 
rate, in the majority of cases, flowering and fertilization take place in the 
same manner both in normally and abnormally developed spikelets. 


Summary 


Barley was treated with 2,4-D in an amount equivalent to 4 kg sodium salt 
of 2,4-D per hectare, and the rate of growth and formation of abnormalities 
studied. 

The number of leaves was unaffected by spraying, but development of 
the uninjured parts of the spike was delayed. Nodes which were injured 
grew almost as well as the other parts of the spike, but differentiation 
ceased. When differentiation again began, it was irregular, and the placing 
of spikelets accidental. 

Results presented in this paper form part of investigations on the effect of growth 


regulators on cereal crops. The investigations are aided by a grant from The Danish 
Agricultural Cereal Breeding Foundation. 
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Mesure de l’activité de la chlorophyllase par chromato- 
graphie sur papier 


Par 


C. SIRONVAL ! 


Laboratoire de Physiologie Végétale de l’Université, Copenhague 
(Reçu le 25 Mars 1954) 


Il est bien connu depuis Willstätter et Stoll (1913) que la chlorophylle peut 
être hydrolysée en solution acétonique aqueuse par de la poudre sèche de 
feuilles préalablement débarassée de pigments. La réaction est enzymatique 
et l’enzyme a été appelée «chlorophyllase». 

L'activité de la chlorophyllase a été mesurée dans un certain nombre de 
plantes par Mayer (1930). Mayer utilise généralement 500 mg de poudre de 
feuilles séchées à la température ordinaire. L’hydrolyse a lieu dans une 
solution acétonique aqueuse à 66 °/o et à une température de 2HMCTLES 
substrats utilisés sont, soit des produits purs isolés, soit des mélanges de 
ces produits, soit l'extrait acétonique total de limbes. Les produits de l’hydro- 
lyse sont séparés par la méthode de Willstätter et Stoll, la chlorophyllide 
étant extraite par une solution de 0,02 N de potasse caustique. Weast et 
Mackinney (1940) séparent la chlorophyllide en se basant sur son insolu- 
bilité dans l’éther de pétrole; ils utilisent comme source d’enzyme le tissu 
végétal frais ou congelé, et constatent que le séchage préalable des tissus 
réduit fortement l’activité fermentaire. 

Nous avons cherché à appliquer la chromatographie sur papier à la 
mesure de l’hydrolyse enzymatique de la chlorophylle. 


1 Actuellement, Chef de Travaux à l’Institut Botanique de l'Université de Liège, Belgique. 
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La chromatographie sur papier des pigments végétaux 


Ainsi que nous l’avons montré antérieurement (Sironval, 1953 b), les deux 
chlorophylles a et b peuvent étre chromatographiées sur papier en utilisant 
le procédé de Bauer (1952) quelque peu modifié; l’éluant est le mélange 
benzene: 10, éther de pétrole: 2,5, acétone: 2; le chromatogramme est descen- 
dant et lopération a lieu dans une athmosphére d’éther de pétrole. 

La séparation obtenue est bonne. La figure 1 représente le spectre dans 


Figure 2. Spectre de la chlo- 
.040 rophylle a dans l’ether sul- 
furique, aprés séparation sur 
papier. On a utilisé un spec- 
2 trophotométre Cooleman. 
400 500 600 700 À.mye. 
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l’ether sulfurique de la chlorophylle b ainsi préparée. Les maxima sont 
situés à 452 et 645 mu, et le rapport entre le coéfficient d'absorption dans le 
violet et le coéfficient dans le rouge est de 2,97, valeur très proche des don- 
nées de Zscheile et Comar (1941) et de Harris et Zscheile (1943) qui ont puri- 
fié spécialement le pigment. La figure 2 représente le spectre de la chloro- 
phylle a dans l’éther sulfurique; les maxima sont ici assez fortement dé- 
placés: à 420 et 665 mu, tandis que les rapports entre les coéfficients d’ab- 
sorption violet/rouge est de 2,82 ce qui indique la présence constante d’une 
impureté absorbant dans le violet. 

L’excellente séparation des pigments autorise les mesures quantitatives. 
La tache est délimitée (éventuellement sous U—V), découpée puis trans- 
férée dans une quantité connue d’éther. On laisse séjourner à la glacière 
pendant 24 h.; on mesure ensuite l’absorption à 665 my pour la chlorophylle 
a et à 645 mu pour la chlorophylle b. 

La chromatographie permet de séparer les phéophytines. Ces pigments 
obtenus par addition d’une goutte d'acide a quelques ml d’une solution de 
chlorophylles — et que l’on trouve aussi dans les extraits végétaux acides, 
par exemples, chez les jeunes feuilles de Pelargonium — se situent dans le 
chromatogramme presqu’en front de solvant. Lorsque la quantité en est 
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suffisante, la tache est visible à l’oeil. Sinon, il faut utiliser les U—V pour 
la révéler. L’extraction à l’ether est réalisée dans les mêmes conditions que 
l'extraction des chlorophylles et la solution montre la zone d’absorption 
caractéristique de l’absence de Mg, entre 500—540 mu. 

Quant aux produits dépourvus de phytol: chlorophyllides et phéophor- 
bides, ils se déplacent peu sur le chromatogramme. Les chlorophyllides 
restent groupées autour de la tache de départ et se séparent à peine l’une 
de l’autre; tandis que les phéophorbides migrent légèrement, la phéophor- 
bide a se situant au dessus de la chlorophylle b. 

Un mélange complexe contenant les deux chlorophylles a et b, et les deux 
phéophytines, donne le chromatogramme représenté figure 3 a; après hydro- 
lyse par la chlorophyllase, on obtient le chromatogramme 3 b, dans lequel 
on retrouve les constituants de départ à leur place normale, et, en outre, 
les taches des phéophorbides et du mélange de chlorophyllides. La concen- 
tration en phéophorbides ne permet généralement pas la localisation à l’oeil 
nu et il faut employer la lumière ultra-violette. 


Mesure de l’activité de la chlorophyllase 


Tous les produits peuvent être élués à l’ether, sauf les chlorophyllides 
pour lesquelles on doit utiliser soit une solution de potasse caustique à 0,02 N, 
soit de l’éthanol à 60 °/o. L’élution est quantitative. 

Le tableau 1 donne un exemple des variations complexes observées au cours 
du temps dans un mélange contenant au départ de la phéophytine (a+b), 
de la chlorophyllide (a+b), de la chlorophylle a et de la chlorophylle b. 
Il s’agit d’une solution en milieu acide (pH 4,0) soumise à l’action d’une 
préparation enzymatique dont l’activité est faible. On voit diminuer à la 
fois la teneur en chlorophylle a, chlorophylle b et chlorophyllide totale, 
tandis que la teneur en phéophytine totale et en phéophorbide totale aug- 
mente. Il se produit deux processus: d’une part, la transformation de chloro- 
phylle en phéophytine et de chlorophyllide en phéophorbide par élimination 
progressive du magnésium; et d'autre part, hydrolyse des chlorophylles et 
des phéophytines. Malgré la complexité des réactions, la quantité totale des 
pigments se retrouve heure après heure. L’estimation de l’hydrolyse prise 
seule peut se faire de deux manières: 1) en partant de l’augmentation de la 
teneur des phéophorbides dont on déduit la diminution de teneur des chloro- 
phyllides; — 2) en partant de la diminution de teneur des chlorophylles 
a et b, dont on déduit l'augmentation de teneur des phéophytines. Dans les 
deux cas, la vitesse de l’hydrolyse est trouvée égale. La préparation d’enzyme 
étant peu active, cette vitesse varie peu d’heure en heure. 
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Tableau 1. Variations complexes dans un mélange de pigments soumis, en milieu acide 
(pH. 4,0), à l'action de la chlorophyllase (les quantités de pigments sont exprimées en ug). 
a ee er 


| Quantité te : Kap 

one en Quantité trouvée aprés: 
| au départ | ieh: 2 h. 3 h. 
Chlorophyllieran. eee ee | 6,0 4,5 3,1 157 
Chlorophylle Da NL Er | Dee 4,5 3,5 3,1 
Phéophytine totale ee este: 9,0 9,8 10,5 12 
Bheophorbide totale... | 0 HES) 857 5,3 
Chlorophillide totale .................. 1,8 dem 1,0 0,7 
Total 22,0 22,0 21,8 22,0 


Certains extraits acétoniques aqueux de tissus végétaux ont un pH voisin 
de 4. C’est le cas des extraits de feuilles jeunes de Pelargonium (pH: 4,2 
à 5,0). Dans ces extraits, la vitesse de l’hydrolyse est généralement plus 
grande que celle de la phéophytinisation. Dans d’autres cas, le pH est 
relativement élevé, voisin de 6,0 ou de la neutralité, par exemple chez 
Heracleum sphondylium, et on n’observe pas la phéophytinisation. On peut 
évidemment tamponner les extraits et les amener au pH 6,0 qui, selon Mayer, 
est le plus favorable à l’action de l’enzyme. 

La mesure exacte de l’activité de la chlorophyllase se fait de la maniere: 
suivante: 

On part d’environ 100 mg de tissus frais; de préférence, on préléve a 
l’emporte-piece une surface connue (par exemple, selon la méthode décrite 
par Sironval (1953 a). On broye immédiatement dans un petit mortier dans 
1 ml d’acétone en présence de sable pur. On transfére dans un tube. On lave 
le mortier par 1 ml d’acétone; on transvase dans le tube en ayant soin de 
récolter convenablement tout le résidu sec subsistant après l’évacuation de 
l’acötone. On ajoute 1 ml d’eau bidistillée neutre (ou du tampon éventuel). On 
prélève du tube une quantité connue à l’aide d’une micropipette et on trans- 


Tableau 2. Activité de la chlorophyllase contenue dans des quantités différentes de tissus 
frais, prélevées dans les mêmes feuilles. (u) =le pourcentage de pigments hydrolysés en 
1 heure à 20° C, dans l’acétone à 66 °/o. 


D —————— | 


tité de an 
5 neh ; No. du ae x (u) brut (u) rapporte a 100 
een prelevement ee trouve mg de poids frais 
Jeunes feuilles 1 267,4 59,4 2222 
de Pelargonium 2 317,9 65,6 20,6 
Feuilles adultes 1 90,0 58,8 65,3 
d’Heracleum 2 167,8 110,1 65,9 
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Tableau 3. Variation de la vitesse d’hydrolyse dans des extraits de tissus frais. Le chiffre 


3 a E B 
donné correspond a K- 10-7 108 ep a (a) étant la quantité de produits au départ 
x 


et (x) la quantité de produits hydrolysés pendant le temps t exprimé en minutes. 


Vitesse d’hydrolyse dans: 
Series 
la premiere heure Îles 2 premières heures|les 3 premieres heures 

| 
1 293 | 11642 | 1155 
2 2352 14,4 9,4 
3 1953 11225 8,9 
4 19,2 11,9 8,7 


fere sur une languette de papier de 5 cm de large sur 40 cm de long. On chro- 
matographie: on obtient ainsi la teneur en pigment au départ. Le tube, soig- 
neusement bouché, est agité pendant le temps voulu A 20° C. On fait alors 
un nouveau prélèvement qu’on chromatographie sur un papier identique a 
celui déjà décrit. Les papiers chromatographiés sont découpés puis élués, et 
l’absorption mesurée dans le rouge à la longueur d’onde correspondant à la 
substance étudiée. On calcule ensuite la quantité des divers produits hydro- 
lisés. Le pourcentage hydrolysé par unité de temps est rapporté au poids 
frais, au poids sec ou à la surface. Dans le cas des jeunes feuilles, la surface 
est cependant indéterminable. 

Quelques résultats. En utilisant cette méthode, deux prélèvements effec- 
tués en même temps sur les mêmes feuilles, donnent pendant le même temps 
la même hydrolyse. Nous donnons dans le tableau 2 des résultats obtenus 
de cette manière sur Pelargonium et sur Heracleum. Les quantités de tissus 
prélevés sont différentes, — comme les quantités de pigments présentes au 
départ —, mais la vitesse d’hydrolyse rapportée au poids frais est trouvée 
la même. Elle est exprimée dans le tableau 2 par le pourcentage (u) de 
pigments hydrolysés en th à 20° C dans l’acétone à 66 °/o. 

Il importe d'effectuer les mesures en même temps, par exemple immédiate- 


Tableau 4. Activité de la chlorophyllase à deux moments d’une même journée. Tous les 
dosages ont été faits sur les mêmes feuilles, qui le 23/2/54 étaient au début de leur crois- 
sance. (u) =le pourcentage de pigments hydrolysés en 1 h. à 20° C, dans l’acétone à 66 °/o. 


Pelargonium; (u) par 100 mg Heracleum; (u) par 100 mg 
Date des de poids frais, mesuré a: de poids frais, mesuré a: 
prelevements 
ith | 16 bh. | difference 11h. | 16h. | différence 
23/2/54 2272 | 20,6 — 1,6 40,4 40,5 | + 0,1 
25/2/54 27,0 31,2 113 47,3 49,8 25 
27/2/54 29,5 23.8 — 6.0 64,2 51,2 — 13,0 
1/3/54 Sa 29,6 — 4,1 80,0 70,0 — 10,0 
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ï ] 
Fi 4. Variati re ébauche gem) [20cm Jours. 
igure ariation de lac AS PP Ae SOR TAG 92 


tivité de la chlorophyllase en 100 


jonction de l’âge de la feuille. u. 

Pour Heracleum, la variation 80 

a été suivie jour apres jour a Heracleum. 
partir d’une feuille de 5 cm. 60 

Pour Pelargonium la varia- : 
tion a été suivie de feuille à got Ye euren 
feuille. (u) est le pourcentage 

de pigments hydrolyses en 20 


1 bh. à 20° C, dans l’acetone 
à 66 °%/o. = 
ébauche! 2 3 45 6 7 8 9 11 Pelargonium. 
foliaire N° d'ordre des feutlles. 


ment après l’écrasement des morceaux de limbes. Dans le cas de tissus frais, 
l’activité de l’enzyme varie en effet fortement au cours du temps ainsi que 
Weast et Mackinney l’ont observé. Le tableau 3 montre cette variation dans 
des extraits de Pelargonium, pendant les 3 premiéres heures suivant l’extrac- 
tion. La méthode la plus pratique pour obtenir des résultats comparables 
consiste à mesurer l’hydrolyse pendant la première heure d’activite de 
Venzyme. 

Dans ces conditions, il est facile de retrouver par notre méthode une série 
de résultats anciens. On voit, par exemple, que l’activité des feuilles adultes 
dépend de l’espece: Pelargonium hydrolyse beaucoup moins que Heracleum. 
L'activité est très faible dans les ébauches foliaires; elle augmente progres- 
sivement avec le vieillissement du limbe. Etant donné la quantité très faible 
de tissu, nécessaires à une mesure, la méthode permet de mesurer la varia- 
tion, non seulement en effectuant des prélèvements au même moment sur 
les diverses feuilles de plus en plus agées d’une même plante, mais encore 
en suivant au jour le jour, sans la détruire, la même feuille au cours de son 
vieillissement (figure 4). 

On peut même entreprendre la recherche d'éventuelles différences dans 
l'activité de la chlorophyllase, dans une même journée et dans une même 
feuille. Nos premiers résultats, rapportés Tableau 4, semblent indiquer des 
fluctuations. 


Résumé 


L'auteur expose une méthode nouvelle de mesure de l’activité de la chloro- 
phyllase. La méthode est basée sur la séparation des pigments et des produits 
de l’hydrolyse par chromatographie sur papier. Elle permet de travailler 
avec une quantité faible de tissus frais (environ 100 mg) et sa précision est 
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satisfaisante. En l’utilisant, l’auteur a retrouvé la plupart des résultats obtenus 
antérieurement, par des méthodes se rapprochant de celle de Willstätter et 
Stoll (1913). 


Nous remercions vivement le Prof. Doct. D. Müller, de Copenhague, dans les 
laboratoires duquel ce travail a été effectué, pour l’aide précieuse et les conseils 
qu'il nous a prodigués. — Nous remercions également l'Institut de Recherches 
scientifique appliquées à l'Industrie et à l'Agriculture (I.R.S.I.A.) — Belgique, qui 
nous a soutenu par l’octrai d’une bourse. 
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Indole-3-acetic acid, IAA, may influence photosynthesis of leaves either 
directly by acting upon the proces proper, or indirectly by having an effect 
upon the opening or closing of the stomata. 

The effect of auxins on stomata. The effect of various auxins on stomatal 
behaviour has been investigated in two ways. Some investigators applied the 
auxins directly to the leaves by spraying or by introducing the substance 
through the leaf stalk. In other cases the auxins were administered to the 
soil in which potted plants were grown. Among the first group of investigators 
Boysen Jensen (1935) used strong raw preparations of IAA produced by 
Aspergillus niger. He applied the preparations to the petioles of Sinapis alba 
and Sambucus nigra leaves and found no effect on the stomatal apertures. 
Bradbury and Ennis (1949, 1952) using 2,4-dichlorphenoxyacetate (2,4-D) 
found that both top and soil treatments of kidney bean plants were followed 
by partial stomatal closure. Player (1950) found no effect on the stomata of 
corn plants when the leaves were sprayed with various auxins, but in experi- 
ments with castor bean plants the transpiration was lowered by spraying 
with auxins in rather high concentrations, e.g., 1000 ppm IAA. Ferri and 
Lex (1948) found that soil treatment with beta-naphtoxyacetic acid of potted 
Tropaeolum was followed by stomatal closure. Ferri and Rachid (1949) 
treated the soil of different species of potted plants with 2,4-dichlorphenoxy- 
acetic acid and beta-naphtoxyacetic acid. The plants reacted to the treat-- 
ment by closing their stomata at least partially. According to Mitchell and 
Martin (1938), IAA applied to the first internode of etiolated plants retarded 
the transport of materials from the cotyledons and also the uptake of water 
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Table 1. Degree of stomatal opening in untreated and in JAA-treated leaves of Sinapis 
alba. The figures refer to the pressure (cm. Hg) necessary to obtain infiltration of water 
in half the leaf area or all of it. Measurements with Boysen Jensen’s stomatometer. 


Ee ee] 


5 x Leaves treated 15 hours with 100 ppm 

Control leaves nourished with water IAA through the petioles 
Half infiltration Total infiltration Half infiltration Total infiltration 

5 12 6 15 

4 9 5 11 

4 10 4 8 

4 9 6 15 

5 19 8 18 

4 8 5 12 

5 12 4 10 

7 16 6 14 

8 16 5 13 

5 11 7 14 

6 12 6 13 


by plants. Brown (1946) sprayed seedlings of Phaseolus with 1000 ppm solu- 
tion of 2,4-dichlorphenoxyacetic acid. The transpiration of the treated plants 
was 34 per cent less than that of untreated ones. 

Experiments with stomata. The influence of IAA on stomatal behaviour 
of Sinapis alba was investigated as follows. The growth substance was given 
partly by dipping the leaf stalk of excised leaves in a 100 ppm solution of 
IAA from 12 to 54 hours, partly by spraying the leaves with the same solu- 
tion, and partly by watering the plants, potted in soil, with 500 ppm solution 
of IAA. The aperture of the stomata was investigated by the Boysen Jensen’s 
stomatometer (Boysen Jensen 1928). This apparatus is excellent for examina- 
tion of heterobaric leaves. The leaves which were cut off with a razor and 


Table 2. Degree of stomatal opening in leaves of plants treated with 500 ppm IAA through 
the soil 24 resp. 48 hours before measurements. For further details see legend of table 1. 
Experiments with Sinapis alba. 


Time from 


Control plants Treated plants 
treatment 
(hours) Half infiltration | Total infiltration | Half infiltration | Total infiltration 
4 ja 10 22 
4 10 | 14 30 
24 
5 12 22 40 
4 9 16 37 
5 11 >50 — 
4 10 9) 23 
48 5 11 12 27 
| 7 13 16 41 
5 11 18 42 
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Table 3. Degree of stomatal opening in leaves of control plants and in leaves of plants 

treated through the soil with 500 ppm IAA. 48 hours after treatment the leaves are cut 

off, those of the control plants are kept with the petioles in water, those of the treated 

plants are kept with the petioles dipped in 100 ppm IAA. Measurements 24 hours after 
second treatment. The figures mean the same as in tables 1 and 2. 


| Leaves from control plants Leaves from treated plants 
| Half infiltration Total infiltration | Half infiltration it Total infiltration 
6 14 5 1 
| 4 9 6 11 
4 9 > 9 
6 12 6 12 
6 13 7 13 
| 4 10 a | 16 
| > 10 4 7 
5 Val 5 10 
| 6 12 5 10 
5 10 6 12 
5 10 à) 11 


treated with IAA, either through the leaf stalks or by spraying the blades, 
showed no tendency to close their stomata at all. 118 treated leaves and 118 
control leaves were investigated and the treated leaves showed exactly the 
same degree of aperture as the untreated ones. Parts of the results are shown 
in table 1. 

The potted plants which were watered with 500 ppm IAA solution closed 
their stomata, whereas the controls watered with H,O did not close them 
at all. The most probable explanation is that IAA given to the soil checks 
the water uptake and that this is the reason why the stomata close. Some 
of the results are given in tables 2 and 3. From plants watered with a 500 
ppm solution of IAA, leaves with closed stomata were cut off and placed 
with the petioles either in a 100 ppm solution of IAA or in water. The next 
day the stomata had reopened in all the leaves. 

Influence of IAA on photosynthesis. The effect of IAA on the photosyn- 
thesis has been investigated several times. Cholodnyj and Gorbovsky (1939) 
used leaves of Cannabis and Hydrangea the petioles of which were dipped 
in a solution of 1 to 10 ppm of IAA before tne determination of photosyn- 
thesis. With 1 ppm they found at first a temporary increase and later on a 
decrease, with 10 ppm they found only a decrease in the rate of photo- 
synthesis. Freeland (1949) sprayed leaves of Phaseolus vulgaris with a solu- 
tion of 2,4-D, IAA and indole-3-butyric acid and found a decrease in the rate 
of photosynthesis. In another paper (1950) he gives the results of experi- 
ments with the submerged plant Anacharis (Elodea) canadensis. He in- 
vestigated the photosynthesis by means of the Winkler method at a tempera- 
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Figure 1. Recipient of brass with glass cover and perforated diaphragma (s) used for 
investigations of photosynthesis in leaves. Inside dimensions: 6.5X3xX0.7 cm. 


ture of 25°. The substances used were beta-indolebutyric acid, IAA, beta- 
naphtoxyacetic acid and 2,4-D, each in solutions of 30 and 100 ppm. He 
found a decrease in the rate of photosynthesis for each concentration. 
Experiments on photosynthesis in Sinapis leaves. As shown above the 
stomata of Sinapis alba do not close when treated with a 100 ppm solution 
of IAA administered through the leaf stalk. Leaves from full-manured cul- 
tures of Sinapis alba were cut off with a sharp razor and the petioles dipped 
into small vases with water or a solution of 1 ppm or 100 ppm of IAA. After 
half an hour to two hours the photosynthesis was investigated according to 
the method of Boysen Jensen (1933). A leaf area of about 9 cm?. was used. 
The leaves were placed in a little brass container with a total volume of 
13.7 ml. and an area of 19.5 cm?. (figure 1). The air which entered into this 


Table 4. Apparent photosynthesis in untreated and in IAA-treated Sinapis alba leaves. 
Treatment with IAA through the petioles. Measurements carried out with fully opened 


stomata. 
; Apparent photosynthesis mg CO,/50 cm?-h. 
Treatment Leaf nr Average of determinations| Average of experiment 
with a single leaf series 
1 1189 
2 12,3 | 
Leaves supplied with 3} 1107 
AERIS Pe ora ee ne 4 13,5 — 
5 12,4 
6 11,7 
Leaves supplied with if 4 net \ 123 
ppm solution of IAA ; À 
(ses 12,7 j 
| 10 12,5 
| Leaves supplied with call es 2 | 
ppm solution of IAA | 13 ie | 12,6 
Pi | 14 12,3 
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Figure 2. Bottle with glass stopper and glass device 
to which the shoots of Ludwigia were tied during 
the measurements of photosynthesis (0.3). 


recipient was dispersed in a uniform current through a diaphragma per- 
forated with small holes. The CO, content in the air was 0.48 mg./liter 
(0°/760 mm.). 

The results are corrected for the diminishing of the CO, concentration in 
the leaf container during the experiments and all values given corresponds 
to a concentration of 0.59 mg. CO,/liter (ordinary atmospheric conditions 
at 0°,760 mm.). The linear correction used may be allowed for, since photo- 
synthesis is proportional to the CO,-pressure between 0.1 and 0.3 mm. Hg 
as stated by Bonde 1952. All the experiments were carried out at an illumina- 
tion of 30,000 BJ-Lux, that is 2700 foot-candles, and at 19° C. 5—8 determina- 
tions, each lasting 7—8 minutes, were made on each leaf, and the result 
given in table 4 is the average of these 5—8 determinations. 

It appears from table 4 that the apparent photosynthesis of leaves of 
Sinapis alba under optimal illumination and with open stomata is on an 
average 12.6 mg. CO, per 50 cm?. leaf area per hour at 19° and at a CO,- 
pressure corresponding to 0.59 mg. CO, liter. The photosynthesis was not 
influenced by a solution of 100 ppm IAA given through the petioles. 

Experiments with submerged shoots of the water plant Ludwigia repens. 
About 15 cm. long shoots with a leaf area of from 30 to 60 cm?. (only one 
side measured) were used. The shoots were placed in a bottle as shown in 
fig. 2, tied to a glass device connected with the stopper. The volume of the 
bottle was 180 ml. To the water in the bottle was added 1 ml. 1 per cent 
KHCO,. The bottle was placed on a wheel, which rotated 5 times per minute 
on an-axis at right angles to the light rays. Glass beads in the bottle provided 
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Table 5. Apparent Photosynthesis of submerged Ludwigia shoots with and without IAA 


treatment. 
Apparent photosynthesis pl O,/50 cm?-h. 
Treatment Shoot nr |Area cm? 5 
Single determinations Average 
1 60 1.084, 1.153, 1.000 
ents 5 ‘ 2 48 966, 944 1.052 
Ordinary nutrient solution 3 43 1.081, 1.080 
| 4 45 997, 1.004, 1.074, 1.087 
2 48 969, 974 
| Nutrient solution contai- 3 43 1.025 | 1.039 
ning 50 ppm of IAA 4 45 1.023 | 
5 43 1.050, 1.143 


a thorough stirring. The illumination on the shoot was 21,800 Lux, i.e., 1965 
foot-candles. The photosynthesis was measured by oxygen titration after 
Winkler, each experiment lasted one hour at 22°. 

The photosynthesis took place partly without IAA, partly in a solution of 
50 ppm IAA. Table 5 shows the results. Without IAA the shoots on an average 
developed 1052 ul. O, per 50 cm?. leaf-area pr hour and in a 50 ppm solution 
of IAA the corresponding average was 1039 ul. O,. There was no significant 
difference in photosynthetic activity between shoots in water and in a solu- 
tion with 50 ppm IAA. Some of the shoots of Ludwigia had been submerged 
in 50 ppm IAA up to 45 hours before the experiment. 


Summary 


Indole-3-acetic acid, IAA, in a concentration of 100 ppm has no effect on 
stomatal behaviour of Sinapis alba when administered to the leaves either 
through the leaf stalks or by spraying the blades. But if a 500 ppm solution 
of IAA is given to the soil of potted plants, the stomata will close. If the 
leaves from such plants are cut off and the leaf stalks are dipped into water 
or into a 100 ppm solution of IAA the stomata open again. The effect on the 
stomata when the auxin is applied through the roots seems then to be of an 
indirect nature. 

IAA in concentrations of 1 ppm or 100 ppm administered directly to the 
leaves showed no effect on the photosynthesis in Sinapis alba. Unless the 
effect is less than +5 per cent a solution of 50 ppm IAA did not affect the 
photosynthesis in the submerged shoots of Ludwigia repens, in spite of the 
fact that this plant was exposed to the solution up to 45 hours. 

This investigation has been supported from The Danish State General Research 


Foundation. The author is indebted to Professor D. Miiller, head of the laboratory, 
for his never failing interest in the problems. 
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Der Verlauf der endogenen Tagesrhythmik bei photo- 
periodischen Störlicht-Versuchen mit Soja 


Von 


E. BÜNNING 


Botanisches Institut der Universität Tübingen 
(Eingegangen am 12. April 1954) 


Einleitung 


In den vergangen Jahren wurde ein so umfangreiches Material über die 
Beziehung zwischen endogener Tagesrythmik und Photoperiodismus zu- 
sammengetragen, daß die Annahme, die endogene Tagesrythmik sei die 
Basis für die photoperiodischen Reaktionen, gesichert erschien. Dieses Mate- 
rial ist aus verschiedenen Instituten gekommen, und es bestätigt die Konse- 
quenzen, die auf Grund jener Theorie vorausgesagt worden waren. 

Umsomehr überrascht eine Mitteilung Wareings (1954), der einige Experi- 
mente mit Soja veröffentlichte, die nach seiner Meinung nicht mit dieser 
Theorie übereinstimmen. 

Gerade hinsichtlich dieses Versuchsobjektes muß die Mitteilung Wareings 
besonders überraschen, weil es schon früher (Bünning 1948) gelang, an 10 
verschiedenen Sojasorten zu zeigen, daß sich das unterschiedliche photo- 
periodische Verhalten im Verhalten der von der endogenen Tagesrythmik 
gesteuerten Blattbewegungen widerspiegelt. 

Wareings Versuche mit Soja waren im wesentlichen folgende: 


Exp. la: Biloxi-Soja erhielt alle 48 Stunden 6 Stunden Licht. Dazwischen lagen 
42 Stunden Dunkelheit. Die Dunkelperioden war durch 30 Minuten langes Störlicht 
unterbrochen, das bei den einzelnen Versuchsreihen zu verschiedenen Zeitpunkten 
geboten wurde. 


Exp. 1b: Wie la, jedoch dauerte die Lichtperiode jeweils 9 Stunden, die Dunkel- 
periode 39 Stunden. 
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Figur 1. Nach Wareing (vereinfacht). Biloxi-Soja. A: Wirkung einer Stérlichtperiode 

von einer halben Stunde, die zu verschiedenen Zeiten innerhalb einer langen Dunkelperiode 

geboten wurde, auf die Blütenbildung. Lange eines Gesamtzyklus: 48 Stunden. Dauer der 

Haupt-Lichtperiode: 6 Stunden (@) bzw. 9 Stunden (©). Abszisse: Zeit nach Beginn der 

Lichtperioden. K, Kontrolle (ohne Störlicht). — B: Wie A, jedoch bei einer Zyklenlänge 
von 60 Stunden. Dauer der Haupt-Lichtperiode 9 Stunden. 


Exp. 3: Ähnlich wie Exp. 1b, aber die Länge eines vollen Zyklus war nicht 
48 Stunden, sondern 60 Stunden. Die Dunkelperiode betrug also 51 Stunden. 

Die Ergebnisse dieser Versuche lassen sich am kürzesten durch vereinfachte 
Wiedergabe der Kurven Wareings kennzeichnen (Fig. 1A und 1B). Wir sehen: 
Bei Exp. 1a hemmt das Störlicht die Blütenbildung maximal, wenn es 6 Stunden 
nach Beginn der Dunkelperiode (d.h. 12 Stunden nach Beginn einer der Haupt- 
Lichtperioden) oder wenn es 6 Stunden vor Beginn der nächsten Lichtperiode wirkt. 
Dazwischen liegendes Störlicht fördert. Exp. 1 b gibt ein ähnliches Resultat; aber die 
Hemmung durch Störlicht gegen Ende der Dunkelperiode ist nur zu beobachten, 
wenn dieses Licht 6 Stunden vor Beginn der nächsten Haupt-Lichtperiode geboten 
wird. Wirkt es 3 Stunden vor dieser nächsten Haupt-Lichtperiode, so fördert es die 
Blütenbildung sogar. (Dieses Ergebnis ließ sich noch in einem Exp. 2 bestätigen). 
Bei Exp. 3 zeigt sich wieder eine Hemmung, wenn das Störlicht zu Anfang der 
Dunkelperiode oder zu deren Ende geboten wird. Das Ergebnis ist also sehr ähnlich 
wie das der Versuche 1 a und 1b. 


Wareing argumentiert nun: Nach der Theorie eines Zusammenhanges der 
photoperiodischen Reaktionen mit der endogenen Tagesrythmik müßte die 
zeitliche Lage der maximalen Hemmbarkeit durch Störlicht bei Exp. 1 a und 
1b unabhängig von der Länge der Lichtperiode, also bei 1 a ebenso sein 
wie bei 1b. Bei Exp. 3 müßte, so meint Wareing, nach der Theorie eines 
Zusammenhanges mit der endogenen Tagesrhytmik zu erwarten sein, daß 
etwa in der Mitte der langen Dunkelperiode eine zweite skotophile, bei ihrem 
Ende eine weitere photophile Phase eingetreten sei, und das Störlicht dem- 
gemäß in der Mitte der Dunkelperiode nicht fördert, sondern hemmt, an 
ihrem Ende aber nicht hemmt, sondern fördert. 

Nach Wareing sprechen die Versuche für die »limiting photoperiod hypo- 
thesis», d.h. dafür, daß das Störlicht nur wirkt, wenn es nicht zu weit von 
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der Haupt-Lichtperiode entfernt ist, und sich infolgedessen mit ihr zu einer 
einheitlichen Gesamtlichtperiode ergänzen kann. Diese Konsequenz ist eigent- 
lich ganz richtig und von niemandem bestreitbar. Bestreitbar ist nur, daß 
sie mit der Erklärbarkeit durch die endogene Tagesrythmik nicht vereinbar 
sei. Es wird immer wieder übersehen, daß diese Theorie nicht im Wider- 
spruch zu gewissen Konsequenzen steht, die etwa Hamner, Gregory oder 
Claas und Lang schon vor längerer Zeit gezogen haben. Die Theorie geht nur 
einen Schritt weiter. Sie will unter anderem erklären, warum solche nur 
innerhalb einer bestimmten Stundendauer gegebenen Ergänzungsmöglich- 
keiten bestimmter Teil-Lichtperioden bestehen. Sie will erklären, warum 
Teil-Lichtperioden nur bei bestimmten Zeitrelationen in dem einen, bei an- 
deren Zeitrelationen in einem ganz anderem Sinn zusammenwirken. Und 
diese Erklärung besteht darin: Die Kritischen Zeitperioden sind Phasen der 
endogenen Tagesrhythmik. 

Der andere Punkt, der leicht übersehen wird, ist folgender: Die endogene 
Tagesrhythmik ist, wie immer und immer wieder (lange bevor der Photo- 
periodismus bekannt war) betont wurde, durch den Licht-Dunkel-Wechsel 
regulierbar. Man darf nicht einfach in einer Unkenntnis der in den ver- 
gangenen 50 Jahren durchgeführten Arbeiten über die endogene Tagesrhyth- 
mik Schlüsse ziehen, die eine Kenntnis der Resultate dieser Arbeiten vor- 
aussetzen. Es muß immer wieder auf die lange Liste mit hunderten von 
Arbeiten hingewiesen werden, die von Pfeffer, Stoppel, Semon, Kleinhoonte, 
Harder und Mitarbeitern, Flügel, Bünsow, Bünning und vielen anderen 
Autoren geschrieben wurden, die aber zufälligerweise in der angelsächsischen 
Literatur fast ganz unbekannt blieben. Man darf nicht einfach schreiben: 
» This inhibitory effect near the end of a long dark period occurs whether 
the light-break falls with a ’scotophile’ or a ’photophile’ phase of the Bün- 
ning theory.» Man darf das nicht schreiben, wenn garnicht festgestellt 
wurde, wie die endogene Tagesrhythmik bei den benutzten Licht-Dunkel- 
Zyklen verläuft. 

So wurde es also nötig, in Versuchen, die hier mitgeteilt werden, die in der 
Mitteilung Wareings enthaltende Lücke auszufüllen. 


Material und Methodik 


Es gibt bekanntlich ein ungewöhnlich einfaches Mittel, den Verlauf der endo- 
genen Tagesrhythmik zu studieren, nämlich das Verfolgen der tagesperiodischen 
Blattbewegungen. 

Die Versuche wurden zum größten Teil mit einer Soja-Sorte durchgeführt, die hier 
von uns seit vielen Jahren benutzt wird und die wir einfach als Soja-Tübingen be- 
zeichnen. Es ist eine Soja-Sorte, die sich nach unseren Erfahrungen photoperiodisch 
und hinsichtlich der Blattbewegungen ähnlich verhält wie Biloxi-Soja, aber photo- 
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periodisch etwas weniger empfindlich reagiert, sodaß es leichter gelingt, hier jeder- 
zeit größere Mengen von Samen nachzuziehen. Außerdem wurde vergleichsweise 
für einige Versuche auch Biloxi-Soja benutzt. Zu den photoperiodischen Eigenschaf- 
ten von Soja-Tübingen sei mitgeteilt, daß sie, ganz entsprechend wie Biloxi-Soja 
(Bünning 1950) folgende Besonderheiten zeigt: Die photophile Phase beginnt im 
normalen Licht-Dunkel-Wechsel kurz vor dem Anfang der täglichen Lichtperiode; 
sie erreicht ihr Maximum 4 Stunden nach Beginn dieser Lichtperiode, ihr Ende etwa 
6 Stunden später, d.h. 10 Stunden nach dem Ende der Dunkelheit. Dann wird die 
photophile Phase von der skotophilen abgelöst, die ihr Maximum 16 Stunden nach 
Beginn der täglichen Lichtperiode erreicht. Das erste Maximum der Blatthebung 
deckt sich zeitlich ungefähr mit dem Maximum der photophilen Phase. Beginnende 
Blatthebung zeigt an, daß das Maximum der skotophilen Phase überschritten ist. 

Zu den Versuchen wurden junge Pflanzen benutzt, deren Primärblätter sich etwa 
1—2 Wochen vor Versuchsbeginn voll entfaltet hatten und nicht mehr stark wuch- 
sen oder das Wachstum schon ganz eingestellt hatten. Die Pflanzen kamen dann 
aus dem Gewächshaus in Räume mit einer konstanten Temperatur von 19° C. Als 
Lichtquelle dienten 13 nahe beieinanderstehende Leuchtstoffröhren von je 50 Watt, 
die etwa einen halben Meter über den Pflanzen standen. 


Versuchsergebnisse 
48-Stunden-Zyklen 


Wir sehen aus den Fig. 2A und 2B, daß bei diesen Versuchsanordnungen 
einige Zeit nach Beginn der Dunkelperiode, wie zu erwarten, eine skotophile 
Phase, erkenntlich an Blattsenkung, erreicht wird und so erklärt sich also 
die Hemmwirkung eines zu dieser Zeit gebotenen Störlichtes. Aber das ist 
ja nichts Neues. 

Es ist auch erklärlich, daß die Hemmung bei der Anwendung der 6-stün- 
digen Haupt-Lichtperiode (Fig. 2B) früher erreicht wird, denn die skoto- 
phile Phase wird unter diesen Bedingungen auch etwas früher deutlich. 
Ein Störlicht von einer halben Stunde, das in diesem Anfangsteil der Dunkel- 
phase geboten wird, beeinflußt den Gang der Bewegungen nicht stark. Ebenso 
wie es Flügel für Phaseolus fand, kann ein sehr früh (vor Erreichung des 
Senkungsmaximums der Blätter) gebotenes Licht die Lage des Nachtmaxi- 
mums etwas hinausschieben; ein zur Zeit des Senkungsmaximums gebotenes 
Störlicht hat einen noch geringeren Einfluß (Fig. 2C). 

Etwa 24-30 Stunden nach Beginn der vorhergehenden Haupt-Licht- 
periode wird ein Maximum der photophilen Phase erreicht, welches die zu 
dieser Zeit fehlende Hemmung durch Störlicht, bzw. die Förderung durch 
ein solches Licht erklärt. Aber kurz hinterher senkt sich das Blatt wieder 
und geht in einen Starrezustand über, zeigt also die seit Pfeffers Unter- 
suchungen für einige Pflanzen bekannte Dunkelstarre. In dieser Starre ver- 
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bleibt die Pflanze unverändert während der ganzen Dauer der Dunkel- 
periode. Die Pflanze ist in diesem Stadium nicht etwa in einem andauern- 
dem skotophilen Zustand, vielmehr ist wirklich die Rhythmik ausgeklungen 
und wird durch einen neuen Lichtreiz ganz neu einreguliert. Sobald nachts 
während dieser Dunkelstarre ein Störlicht von einer halben Stunde einwirkt, 
sehen wir, wie sich das Blatt sofort stark hebt. Das ist ein Übergang in 
einen neuen photophilen Zustand, nicht etwa eine einfache photonastische 
Reaktion. Daß wirklich die endogene Rhythmik neu einreguliert wird, wird 
deutlich, weil unabhängig davon, welche Bedingungen nach dieser halbstün- 
digen Lichtphase herrschen, diese Blatthebung etwa 4—6 Stunden später 
ihr Maximum erreicht und dann von einer Blattsenkung mit der üblichen 
Geschwindigkeit sowie einer dieser sich anschließenden nochmaligen He- 
bung abgelöst wird. 

Es sei darauf hingewiesen, daß auch schon Kleinhoonte (1929) für Canavalia 


gefunden hatte, daß nach langen Dunkelperioden durch überaus kurze Lichtreize 
eine Neueinregulierung der endogenen Rhythmik möglich ist. 


Aus diesen Ergebnissen folgt also, daß bei der Soja, die im normalen Licht- 
Dunkel-Wechsel des Gewächshauses aufgezogen ist, ein einzelner Lichtreiz 
nur ausreicht, um die endogene Tagesrhythmik für etwa 30 Stunden einzu- 
regulieren: Der Lichtreiz induziert eine photophile Phase (Gesamtdauer etwa 
10 Stunden), eine anschliessende skotophile (Gesamtdauer etwa 14 Stunden), 
und eine nochmalige photophile Phase, die aber schon abgekürzt sein kann. 
Dann beginnt die Dunkelstarre. 

Ein solches Verhalten zeigen viele Pflanzen. Aber das braucht nicht näher aus- 
geführt zu werden. Schon in der älteren Literatur kann man nachlesen, unter wel- 
chen Bedingungen eine solche Dunkelstarre unterbleibt, und die endogene Rhythmik 
eine Woche lang oder länger deutlich wird. Namentlich gelingt es bekanntlich bei 
etiolierten Pflanzen. 


Wenn jetzt bei dem oben erwähnten Exp. la von Wareing ein Störlicht 
6 Stunden vor Beendigung der Dunkelperiode geboten wird, so induziert es 
also eine photophile Phase, die wie üblich 10 Stunden dauert und ihr Ende 
daher etwa 4 Stunden nach Beginn der neuen Haupt-Lichtperiode erreicht. 
Etwa die letzten 2 Stunden dieser neuen Haupt-Lichtperiode fallen in die 
anschließend eintretende skotophile Phase. Daher muß die beobachtete 
Hemmwirkung des Lichtes eintreten (vgl. Fig. 2 D). Wird das Störlicht erst 
3 Stunden vor Beendigung der Dunkelperiode geboten, so reicht die indu- 
zierte photophile Phase etwa bis zum Ende der neuen Haupt-Lichtperiode. 
So muß die beobachtete Förderung der Blütenbildung durch ein solches 


Störlicht eintreten (Fig. 2E). 
Ebenso notwendig sind die beobachteten Ergebnisse von Wareings Exp. 1b. 
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Beendigung der Dunkelperiode) sind es etwa 5 Stunden (vgl. Fig. 3 A und B). 
Die von Wareing beobachtete Differenz der Ergebnisse bei Versuch ia und 
1 b wird also selbstverständlich. 


60-Stunden-Zy klen 


Jetzt ist kaum noch ein Wort über Wareings Exp. 3 notwendig. Das am 
Endteil der 51 Stunden langen Dunkelperiode gebotene Licht muß ebenso 
hemmen wie bei jenen 42 bzw. 39 Stunden langen Dunkelperioden; denn es 
induziert ja aus der Dunkeistarre heraus eine photophile Phase, der nach 
der üblichen Zeit eine skotophile folgt, in die dann ein Teil der nächsten 
Haupt-Lichtperiode fällt (vgl. Fig. 3C und D). Fördern kann bei dieser 51 
Stunden langen Dunkelperiode nur ein Störlicht, das mindestens etwa 24 
Stunden vor der nächsten Haupt-Lichtperiode liegt; denn etwa 24 Stunden 
nach dem Störlicht ist ja die zwangsläufig mitverursachte skotophile Phase 
beendet. Das ist auch nach den Ergebnissen Wareings genau der Fall. 


Diskussion der Ergebnisse 


Vielleicht wird mancher meinen, die Theorie des Zusammenhanges des 
Photoperiodismus mit der endogenen Rhythmik sei von zweifelhaftem Wert, 
weil der Verlauf der endogenen Rhythmik nicht ohne Experimente genau 
vorausgesagt werden kann, und weil Licht und Dunkelheit nur in den beiden 
Phasen der endogenen Rhytmik eine unterschiedliche Wirkung haben, son- 
dern sie zudem diese Phasen auch noch in mannigfaltiger Weise verschie- 
ben. Dieser Einwand wird gemacht, wo man von der Annahme ausgeht, die 
endogene Rhythmik sei »erfunden», um den Photoperiodismus zu erklären. 
Das aber trifft nicht zu. Die endogene Rhythmik ist viel länger bekannt als 
der Photoperiodismus. Sie ist auch mit all jener Modifizierbarkeit recht gut 
bekannt. Und historisch gesehen ist es so, daß nicht die endogene Rhythmik 
gesucht wurde, um den Photoperiodismus zu erklären, sondern seit Weis- 
mann (1906) so etwas wie der Photoperiodismus gesucht wurde, um die 
endogene Rhythmik (phylogenetisch) zu erklären. 

Betont werden muß nochmäls, daß die seit fast 20 Jahren vorgeschlagene 
und begründete Theorie nicht im Widerspruch zu Schlußfolgerungen steht, 
die von mehreren anderen Autoren gezogen wurden, sondern sie diese 
Schlußfolgerungen nur in einen größeren Rahmen stellt. Es wird also nicht 
bezweifelt, daß das Licht bestimmte Vorgänge in der Pflanze induziert, und 
daß auch die Dunkelheit bestimmte Vorgänge induzieren kann. Es wird 
weiterhin nicht bezweifelt, daß diese induzierten Vorgänge eine bestimmte 
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Zeit dauern, und daß Teil-Lichtperioden oder Teil-Dunkelperioden in be- 
stimmter Weise zusammenwirken können, wenn ihre Zeitabstände bestimm- 
ten Bedingungen folgen. Alles das ist richtig. Behauptet und bewiesen wird 
nur, daß es sich bei alledem um nicht anderes handelt, als um die endo- 
gene Tagesrhythmik, bei der eben bestimmte Phasenlängen erblich fest- 
gelegt sind, und die durch Licht und Dunkelheit regulierbar und modifizier- 
bar ist. 

Wareing schreibt »it is possible that the inhibiting effect of a light-break 
given shortly before or shortly after the main light period is due to the 
additive effect of the two periods of illumination, so that the total effective 
photoperiod exceeds the ‘limiting’ duration.» Wir brauchen nur nochmals 
zu sagen: Ja, das ist so, und es beruht auf der endogenen Tagesrhythmik. 

Wir können diese Sachlage vielleicht auch durch einen nochmaligen Hin- 
weis auf die Erklarung der tagesperiodischen Bewegungen erläutern. Diese 
tagesperiodischen Bewegungen sind ja ebenso von der endogenen Tages- 
rhythmik mitgesteuert wie die tageszeitlichen Änderungen im photoperio- 
dischen Verhalten. Und auch bei der Interpretation der tagesperiodischen 
Bewegungen hat man vor einem halben Jahrhundert so ähnlich, wie es jetzt 
noch einige für die Interpretation des photoperiodischen Verhalten tun, 
gesagt: Die abendliche Blattsenkung ist Folge des morgendlichen Licht- 
beginns, weil diese photonastische Bewegung sich durch eine sehr lange 
Reaktionszeit von etwa 12 Stunden auszeichnet. Aber man erkannte eben 
zu jener Zeit schon bald, daß diese vom Licht induzierte lange Reaktionszeit 
nichts anderes ist als eine einregulierte Phase der endogenen Tagesrhyth- 
mik. Nachdem diese Ansicht jetzt schon ein halbes Jahrhundert alt ist, sollte 
sie endlich auch auf die andere von der endogenen Rhythmik gesteuerte Er- 
scheinung, also den Photoperiodismus, übertragen werden. 

Nachtrag. Nach der Einreichung des Manuskriptes erschien eine Arbeit 
Hussey’s. Auch in dieser Arbeit wird zu den diskutierten Fragen Stellung 
genommen, ohne daß der tatsächliche Verlauf der endogenen Rhythmik 
studiert wird. Der Verfasser weiß, »that the rhythm can be influenced by 
changes in light and darkness imposed during experiments in order to detect 
it», aber er meint, daraus folge »then the rhythm can scarcely be claimed 
to be endogenous». Hierzu möge nur kurz festgestellt sein, daß seit den 
Zeiten Pfeffers unter einem endogenen Rhythmus nicht in periodischer Vor- 
gang verstanden wird, bei dem die Lage der einzelnen Phasen von vorn- 
herein aus inneren Ursachen festgelegt ist. Die Minimumforderung, die an 
einen endogenen Rhythmus im Sinne dieses seit 50 Jahren festgelegten 
Begriffes gestellt wird, ist die, daß auf einen bestimmten physiologischen 
Zustand (möge dieser aus inneren oder äußeren Ursachen eingetreten sein), 
nach einer endogen festgelegten Zeitdauer und ohne eine Änderung der 
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äußeren Ursachen ein anderer Zustand folgt, dessen Dauer ebenfalls endogen 
festgelegt ist. Wie lange dieses Wechseln sich bei konstanten Außenbedin- 
gungen fortsetzt und wie leicht es durch äußere Faktoren beeinflußbar ist, 
darüber wird mit der Behauptung dieser endogenen Komponenten garnichts 
ausgesagt. Muß denn eigentlich immer wieder auf das einfache Beispiel des 
Pendels hingewiesen werden, dessen Schwingungsdauer auch endogen, näm- 
lich durch die Pendellänge, festgelegt ist, und bei dem ebenfalls die Lage 
der Phasen willkürlich durch neue Anstöße modifiziert werden kann? 


Zusammenfassung 


Es wird bei Soja mit Hilfe der tagesperiodischen Blattbewegungen der 
Verlauf der endogenen Tagesrhythmik unter Licht-Dunkel-Zyklen unter- 
sucht, die denen in Wareings Experimenten entsprechen. 

Bei den langen Dunkel-Perioden zwischen 39—51 Stunden Dauer, die mit 
Haupt-Lichtperioden von 6 oder 9 Stunden alternieren, tritt etwa 20 Stun- 
den nach deren Beginn eine Dunkelstarre ein. Die nächste Lichtperiode indu- 
ziert erneut eine nicht mehr als etwa 30 Stunden andauernde Rhythmik, der 
dann wieder eine Dunkelstarre folgt. 

Störlicht von 30 Minuten Dauer hat während der Zeit, in der die Rhyth- 
mik läuft, einen relativ geringen Einfluß auf den Zeitpunkt von Hebung 
und Senkung. Wirkt es aber während der Dunkelstarre, so bedingt es ebenso 
wie eine Haupt-Lichtperiode einen neuen Start der endogenen Tagesrhythmik. 

Aus diesen Befunden lassen sich die Ergebnisse Wareings über die Wir- 
kung des zu verschiedenen Zeiten der Dunkelperiode gebotenen Störlichts 


erklären. 
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Previous experiments in this series have supported a theory of cell elonga- 
tion formulated by Ruge in 1937 (cf. a summary in 18), and developed by 
the author (6, 9). It can be expressed at present in the following way. The 
cell elongation starts with a dissolution of the cell wall which becomes 
plastically and elastically tensible and is passively stretched under water 
absorption. The suction potential is developed by the decreased wall pressure, 
and the elongation of the wall takes place at the expense of the wall thick- 
ness. This forms Phase 1 of the elongation. Following this the cell wall 
grows by the deposition of new material, an active growth by the intus- 
susception of new micelles. It takes place in the presence of calcium ions 
and under a nearly constant elastic tension of the cell wall. The suction 
potential is caused by the wall growth. This forms Phase 2. Experimentally 
Phase 1 and Phase 2 can be distinguished from each other fairly clearly by 
omitting calcium from the nutrient medium of roots or by impairing the 
water absorption. In the absence of calcium the tensibility from Phase 1 
can be wholly utilized in irreversible growth and the cell walls become 
unelastic. — Under normal conditions the active growth suddenly comes 
to an end, because some factor or other becomes limiting and prevents 
further elongation (Brown et al. 5, Burstrém 8). 


The evidence supporting this picture is found in the quoted papers and 
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cannot be repeated here in detail, but it consists of observations of the mor- 
phological and mechanical properties of the walls during the elongation, the 
osmotic conditions of elongating cells, the influence of the water absorption 
and calcium on the cell stretching, and the general trend of the metabolism 
during the growth. It is important to emphasize that the theory does not 
anticipate anything of the site or mode of action of auxin in the elongation, 
nor is it inconsistent with a close connexion between elongation and aerobic 
respiration. It is, on the contrary, noteworthy that it was founded by Ruge 
on experiments with hypocotyls, for which auxin is growth-promoting, but 
the author has adapted it in unchanged form and extended it to explain the 
growth of roots inhibited by auxin. 


Suggestions were early made (6, 18) as to the point of action of auxin, 
but it seems pertinent to make an attempt of defining more closely the role 
of auxin and to see how this and artificial growth regulators fit into the 
outlined picture. 


Experiments have thus been carried out on wheat roots with one auxin 
(1-naphthylacetic acid), an antiauxin (a-phenoxyisobutyric acid), coumarin, 
known as a growth inhibitor, and daphnetin (7,8-dihydroxycoumarin). 


The coumarin and daphnetin preparations were kindly supplied by Professor 
E. Larsson, Department of Chemistry, Lund, and the a-phenoxyisobutyric acid by 
Professor H. Erdtman, Royal Institute of Technology, Stockholm. 


Methods 


Two different growth methods were employed, both described in detail in previous 
papers. However, some comments must be made on the difference between them. 

One is adapted for a determination of the mechanical properties of the cell 
walls (8) by means of inhibiting the water absorption by mannitol aditions. The 
roots are immersed in the solutions with the seeds and shoots in the air, and the 
tests are carried out on the second day after the germination. It gives normal cell 
lengths of c. 300 u and the border line between Phase i and Phase 2 falls at 
180—200 u. This is called Method A (see tables 1 and 4); it is very accurate and is 
employed in the main series for the determination of the plasticity and elasticity 
of the cell wall. 

The other method used was developed as a simplified, rapid test (14); one-day 
seedlings were placed in a thin layer of 10 ml. solution in a 100 ml. flask with 
both roots, seeds, and the base of the shoots immersed in the solutions. It gives 
more irregular results with normal cell lengths of about 200 p, but lower figures 
were occasionally recorded. This Method B (figure 1, tables 2, 3, 5, and 6) was used 
for general information of the type of action of the compounds. 

Eroica winter wheat was used in all series. Some preliminary tests have been 


carried out with Victory oats. 
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Table 1. The influence of 1-napthylacetic acid on cell elongation and cell wall properties. 
— Method A. — Average values of two to four independent experiments, each run in 
quadruplicates. C, =cell length in the test solution in u, C, cell length at wi Saturalon: 
C_ cell length at plasmolysis. C,—C =elastic tension, C,—C, =plastic tension. Errors in 
the C-values ca. +3 u. Without mannitol the cells grow at water saturation, and C, 


equals C,. 
a 0 nn 
Ca M 1-NAA M} Mannitol M C, C, | Elastic tension | Plastic tension 
dS Ee eS eee 
10 =4 0 0 310 >< 972 38 — 
10: 10—7 0 240 x 202 38 — 
10-4 0 0.3 204 234 203 31 0 
10—4 10—7 0.3 147 ilzat 145 26 0 
TO 0 0.35 136 161 149 12 13 
TD 0 0.4 121 139 127 12 6 
10—+ 10—7 0.4 98 109 99 11 0 
0 0 0 180 x 175 5 u 
0 Ome 0 155 x 129 26 — 
0 0 0.3 134 154 143 1 9 
0 10-7 0.3 108 | 133 107 26 
Results 


(a) — Experiments with 1-naphthylacetic acid. — 1-NAA was tested with 
and without mannitol at two calcium levels; the results are summarized in 
table 1, which shows cell lengths and the elastic and plastic tensibility of 
the cell walls. 

The auxin reduces the cell elongation both in the presence and the absence 
of calcium, in normal solutions and with a reduced water absorption. This 
distinguishes the auxin action from that of coumarin. Moreover, the plasti- 
city normally appearing during Phase 1 is absent in the auxin-treated roots. 
The cell walls are instead more reversibly elastic than normally, and it is 
easily inferred from the table that this elasticity very nearly corresponds 
to the sum of the plastic and elastic tensions appearing under normal con- 
ditions. 

It was stressed in a previous paper (9) that it is questionable whether 
elasticity and plasticity can be used in their strict senses if growing cell 
walls are concerned. The suggestion was made that the walls become tensible 
in Phase 1, and, if stretched, more or less fixed in the elongated state. This 
appears as a plasticity. In accordance with this view the action of 1-NAA 
should be described as one in which the fixation of the wall in the elongated 
stale is prevented. This means an inhibition of Phase 1. The auxin also 
reduces the growth during Phase 2, but the results give no clue as to how 
this is accomplished. 


(b) — Experiments with coumarin. — Figure 1 gives a general picture of 
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Figure 1. The root growth activity of 


\ 
coumarin and daphnetin. Root growth 


COUMARIN N 
during 24 hours’ treatment. Method B. O TE ee ne 
=] -6 -5 -4 -3 log M 
the mode of action of coumarin and daphnetin. — Coumarin is known from 


several investigations to be a growth inhibitor (3, 10, 11, 12, 15, 19, and 21). 
Only Thimann and Bonner (20) have recorded a growth stimulation, which 
seems to have been overlooked in later discussions. The figure shows that 
coumarin behaves according to the general notion, but as will be shown 
below, growth promotions may occur under certain circumstances; this was 
even more pronounced with oat roots, to be published later on. Daphnetin 
is a pronounced growth promotor also for wheat roots. It is thus necessary 
to revise the accepted classification of coumarins as growth inhibitors and 
in an interpretation of their action pay due attention ot their dualistic nature. 
A complete picture of their action on roots cannot be given at present, but 
some points should be emphasized. 

Table 2 contains a record of the action of coumarin in combination with 
a-phenoxyisobutyric acid. At first only the results without the anttauxin will 
be considered. The root elongation drops steeply to a figure of about 20 per 
cent in 10-4 M. This residual growth is always encountered with non-toxic 
inhibitors and is interpreted as due to cell multiplication and some kind of 
swelling of the cell contents but no real cell elongation. This has ceased 
in 10-4 M coumarin (Figure 1). 

On parts of the material of table 2 the cell lengths and the cell wall 
elasticity were determined (table 3). It shows that the slight growth decrease 
in 10-5 M depends entirely upon a loss of elasticity of the walls and that 
the irreversible cell length is unaffected. It is difficult to obtain accurate 
growth figures between 10°? M with full cell elongation and 10~* with none. 
The action of coumarin resembles an all-or-none reaction with a loss of wall 

elasticity prior to the inhibition of the elongation. 
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Table 2. The interaction between coumarin and a-phenozyisobutyric acid on root growth. 
__ Method B. — Increase in root length in mm during 24 hours. Individual experiments 
with each 30 plants, and average values. 


a-phenoxyisobutyric acid M 
Coumarin M - = ; 
0 | 3.10-6 10-5 | 3-10-% 10e 
11.9 16.0) 17.8 19.9 25.3 
13.4 16.5 16.8 21.3\, a 
0 rey lice 15.8( 6 20.1(18 20.3(22 26.6 
13.0 15.0 | 18.0 22.5 | 95.6 
12.7 13.1 17.6 22.9 25.6 
12.1 13.61. 18.3 26.2 23.6, 
its wer Eat 171° 20.2(2° 27.0(2° 
111 16.0 17.1 242 28.4 
10.7 12.4 12.3 16.9) 20.8 
10.2 13.1 13.7 16.6 17.2 
109 | 9.2{10 10.9f 12 12.9(13 15.6(1° 20.1 (20 
9.9 13.2 11.0 23.7 19.7 
3.3 4.2 3.6 1.9) 5.4 
4.8 3.4 3.9 3.7 4.51 
10 oni 2 s.if 4 2.7{ 3 Sale: 4.6( ° 
2.3 55 2.6 3.9 6.2 


A more detailed picture is given in the mannitol experiments with a reduced 
water absorption (table 4). With calcium present and mannitol up to 0.3 M 
growth is not reduced below the 200 u level separating Phase 2 from Phase 1 
and coumarin has no other effect than nullifying the wall elasticity. How- 
ever, below this level coumarin strongly reduces the elongation, still with a 
complete loss of all tensibility of the walls. — The difference between the 
inhibitions caused by auxin and coumarin is striking. 

According to the given interpretation omission of calcium or a strong 
reduction of the water absorption cuts off Phase 2, leaving only Phase 1 
of the elongation. With regard to the present results the conclusion should 
be drawn that coumarin inhibits Phase 1 but not the growth by intussusception 
during Phase 2. It has also been assumed in order to explain the connexion 
between the water absorption and calcium effects (9) that a certain tension 
of the wall is necessary for the growth by intussusception. This can explain 
the apparent all-or-none effect of coumarin in normal solution in spite of 
the gradual inhibition of Phase 1, in the following way: — 

Coumarin inhibits Phase 1 by decreasing the tensibility of the cell wall, 
but as long as there is some tension left, Phase 2 can set in and growth 
continue by intussusception until the elongation is stopped by the unknown 
limiting factor mentioned in the introduction. — This means that the total 
elongation in low concentrations of coumarin may remain unaltered, but 
it depends more upon growth by intussusception than without coumarin. 
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Table 3. The interaction between coumarin and a-phenoxyisobutyric acid on the cell 


elongation. — From the same experiments as in Table 2. Average values. — C„=cell length 
in the test solution, C„=cell length plasmolyzed, C„—C„=elastic tension. Error in C, 
and C, SE.) De 
a-phenoxy- | | Cell length 
Coumarin M | isobutyric acid ‘Cell number rel.| ser Elastic tension jt 
| M | | C, C, 
| | | 
0 | 0. | 56 | 230 198 32 
| 0 10 65 | 278 254 24 
0. | 10-4 | 79 | 316 293 23 
197° 0 | 50 | 204 198 6 
1 LOS | 53 234 218 16 
| 10° 10 | 75 259 218 41 
Observations stressing this point will be mentioned below. — If, however, 


Phase 1 is totally inhibited then Phase 2 is made wholly impossible, and the 
elongation drops suddenly from a top value to zero. 

In the presence of a-phenoxyisobutyric acid such a low concentration of 
coumarin as 10 5 M may cause insignificant increases in root growth 
(table 3). The increase in cell elongation may be significant, however, parti- 
cularly if the irreversible length is considered (table 5). This supports the 
assumption that the growth by intussusception is relatively increased when 
Phase 1 is inhibited. | 

(c) — Experiments with daphnetin. — Opinions vary as to the growth 
activity of this compound. Cameron (10) and Goodwin and Taves (12) have 
recorded growth inhibitions weaker than that of coumarin, Sigmund (19) 
found it more toxic than coumarin on germination, and Mayer and Evenari 
(15) have classified it as growth-inactive. This is not surprising, considering 
that on wheat roots it is growth-promoting in lower- and growth-inhibiting 
in higher concentrations (figure 1). 


Table 4. The influence of coumarin on the cell elongation and the cell wall properties. — 


Method A. — Experiments arranged as described in table 1; for all explanation see that table. 
a ee 
Ca M |Coumarin M| Mannitol M| C, Ca C, Elastic tension| Plastic tension 
10-4 0 0 Bra SG 1971 42 X 
10-4 10-5 0 997 SAIS 291 6 X 
10 0 0.3 220 246 221 25 1 
10-4 102 0.3 210 219 211 8 1 
10-4 0 0.4 140 161 146 15 6 
10-4 10-5 0.4 88 85 84 0 0 
0 0 0 180 x 175 5 x 
0 10-3 0 132 x 130 2 x 
0 0 0.3 134 154 143 11 9 
0 10 0.3 87 88 87 1 0 
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Table 5. The influence of a low addition of coumarin to a high concentration of 
a-phenoxyisobutyric acid. — Cf. Table 2. Three from each other independent pairs of 


tests with each two concentrations of coumarin. 
UIID 


Cell lengths p ¥ : | 
Coumarin M | a-phenoxyisobutyric acid M} C | E Elastic tension 
n p 
307 267 
0 10-4 307 7306 2827270 36 
304 262 
299 273 
108 10-4 302298 295 284 14 
294 285 


Daphnetin causes a disappearance of the wall elasticity both in growth- 
promoting and growth-inhibiting concentrations (table 6). The inhibition 
can be assumed to be comparable to that of coumarin, daphnetin being only 
one tenth as active. The growth promotion is most conspicuous with growth 
method B, less so with method A which in itself allows a better growth. 

There are reasons to assume that the differences between the two methods 
depends upon the fact that with method B seeds and shoot bases are im- 
mersed in the solutions giving off growth inhibiting compounds, which are 
identical or inidentical to those studied by Vogt (22). The more the growth 
is reduced the stronger the action of daphnetin, and this does, as a matter 
of fact, restore the normal cell elongation but not raise it above the normal 
300 u level, as far as the experiments go at present. It is thus necessary to 
consider that the elongation is sooner or later — according to the circum- 
stances — limited by some unknown ’Factor X’, and that daphnetin inter- 
feres in this system. 

(d) — Experiments with a-phenoxyisobutyric acid (PIBA). — The action 
of isobutyric acids on cell elongation has been investigated previously (7) 
and found mainly to consist in what has been interpreted as a lengthening 
of the grand period of cell stretching. This takes place under a constant 
or — in typical cases, exemplified in table 3 — slightly decreasing elastic 
tension of the wall. This may depend simply upon a decreased osmotic con- 
centration of the cell content owing to dilution during the growth. This 
means, however, that PIBA also interferes with the finally limiting factor, 
called Factor X’, just as daphnetin was supposed to do. Some kind of inter- 
action between PIBA and the coumarins is thus to be expected. 

(e) — The interaction between the coumarins and a-phenoxyisobutyric 
acid. — It is inferred from table 2 that PIBA increases the root length 
irrespective of the coumarin concentration. The analysis of the behaviour 
of the individual cells gives the surprising result (table 3) that the action of 
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Table 6. The interaction between daphnetin and a-phenoxyisobutyric acid on the root 


growth and the cell elongation. — Method B. Increase in root length mm, cell lengths in u. 
For further explanations see table 3. Each figure is the average of three independent 
experiments. 
re BEER ET 

| . 4,| &-phenoxyiso- | Cell number, Cell lengths pt 

‚Daphnetin =, butyric acid M. Root growth | an er m Elastic tension 

| an p 

| | 

| | 
0 | we 6.8 52 1 132% 108 24 
0 102 | 12.8 = = | = = 
0 3-10 2 | 19.2 55 | el EE 36 
10-4 0 | 116 50 | 930 | 225 5 
10—4 | 10-8 11.4 = TRE = 
10-4 | 3-10-53 | | 53 | 228 | 224 4 


the antiauxin on the cell elongation practically disappears in the presence of 
coumarin and the same holds true with daphnetin (table 6). The interpreta- 
tion is somewhat complicated by the fact that the growth of the control 
roots is much lower in the daphnetin series than in the coumarin experi- 
ments. — These results require some comment. 

It has been pointed out by Bosemark (4) and Hansen (13) that the iso- 
butyric acids invariably increase the cell elongation and sometimes also the 
cell multiplication. This effect is more variable. We have, moreover, to con- 
sider the unknown ’Factor X’ irregularly limiting the cell elongation. This 
appears in the daphnetin series, but not in the coumarin experiments; in 
neither case does it depend upon the coumarin derivative, which must be 
borne in mind. It seems probable that these two uncontrolled factors are 
linked together in the following way: — 

In the experiments of table 6 some ’Factor X’ is active, (i) causing a much 
reduced elongation of the control roots and (ii) preventing the increase in 
cell multiplication by PIBA. The action of daphnetin consists in (a) a restora- 
tion of the normal cell elongation under (ß) disappearance of the wall 
elasticity, and (y) an abolition of the effect of PIBA on the cell elongation. 
According to table 3 coumarin causes (a) no change in the cell elongation, 
in higher concentrations a decrease, (ß) disappearance of the wall elasticity, 
and (y) an abolition of the effect of PIBA on the cell elongation. — It is 
the general experience of this laboratory that the items under (i) and (ii) 
are connected with each other. 

The different actions of coumarin and daphnetin on the cell elongation 
do not depend upon the presence of ‘Factor X’ in this instance, since in 
several experiments the two compounds were tested simultaneously always 
with the same result; some of these test are collected in figure 1. The items 
under (ß) and (y) show that with this exception coumarin and daphnetin act 


identically. 
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The four hitherto observed types of PIBA activity are represented in 
tables 3 and 6: only increase in cell elongation (—daphnetin), no effect 
(+daphnetin), increase in both cell elongation and cell multiplication 
(—coumarin), and increase in only cell multiplication (+coumarin). As 
emphasized by Hansen (13) the effects on cell elongation and cell multi- 
plication must be kept apart as physiologically two different things, a view 
supported by the present results. Particularly the last-mentioned instance is 
interesting; here PIBA increases the cell multiplication and the elastic ten- 
sion of the walls, whereas neither is increased in the daphnetin series. These 
two effects are usually ascribed to auxins under different circumstances, 
but are unknown as characteristics of antiauxins. It is thus tempting to con- 
sider the possibility that the isobutyric acid combines auxin and antiauxin 
properties, perhaps when acting on different phases of the cell development. 
Furthermore the growth inhibiting "Factor X’ at least superficially resembles 
an auxin. We then find: — 

(a) that the auxin-like ‘Factor X’ counteracts the ’auxin-effect’ of the 
isobutyric acid but not its ’antiauxin-effect’, 

(b) that coumarin in inactive concentrations counteracts its ’anti-auxin- 
effect? but not the ’auxin-effect’, r 

(c) that daphnetin in growth-promoting concentrations has the same 
effect with regard to PIBA and also counteracts the ‘auxin-effect’ of ’Fac- 
tor X’. 

This does not make sense, and the error lies in the classification of auxin 
and antiauxin effects solely from an increase or decrease in the growth or 
the cell elongation. 


Discussion 


(a) — The auxin and antiauxin concepts. — Such classifications as men- 
tioned in the foregoing are often made: a growth increase on shoots is 
identified with an auxin effect, and a growth-promoting action on roots is 
called an antiauxin action. The fallacy in such definitions and the need of 
stringent definitions of the physiological processes have been stressed by 
Hansen (13). — It has been assumed by the author (6) that auxin both 
promotes and inhibits root elongation simultaneously but that the latter 
effect dominates. Such a course of events should be possible, because auxin 
acts on the two phases of the elongation in different ways. A superficially 
similar but fundamentally different opinion has been expressed by Aberg 
(1, 2), who has assumed that growth regulators generally have both auxin 
and antiauxin properties competing with each other. However, he has 
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ascribed this to different parts of the molecule and accepted the idea that 
auxin or antiauxin property depends upon a competition for one common 
site of action in the cell elongation mechanism, together with a shift in the 
ratio auxin-antiauxin activity of the molecule. 

Such a competition may of course occur, but it is clearly evident from the 
results presented that it cannot generally explain why one substance behaves 
as an auxin, another as an antiauxin, or simultaneously as auxin and anti- 
auxin. 

(b) — The theory of cell elongation. — The results justify amendments 
to the theory of cell elongation presented in the introduction. 

Auxins increase the plasticity of the cell walls (18), which has been 
assumed to initiate Phase 1 of the elongation. The author has previously 
pointed out that in roots the elasticity also increases and he has endeavored 
to include this in the growth picture (6). It has now been shown that this 
depends upon a shift from ‘plastic’ to elastic’ tensibility of the walls, without 
a change in the total extensibility, when growth is inhibited by a high con- 
centration of auxin. This result fits well into the outlined picture: — 

Elongation starts with auxin dissolution the cell wall. Owing to the reduced 
wall pressure water is taken up and the cell elongates, resulting in a fixa- 
tion of the cell wall in the elongated state. Pilet (16) has demonstrated that 
the auxin concentration is much lower in elongated cells than in the meri- 
stem. The fixation of the cell wall may thus simply follow as a consequence 
of a decreasing auxin concentration, if dissolution and fixation is regarded 
as one reversible reaction mediated by auxin. This forms Phase 1 of the 
elongation. If, however, auxin is artificially supplied the content is kept high 
and the irreversible ‘plastic’ growth is prevented and converted into an 
increased elasticity, with growth inhibition as a result. Pohl and Ochs (17) 
have, on the contrary, presented biochemical evidence in favour of the 
opinion that positive and negative auxin actions are fundamentally different. 

The coumarins seem to prevent the initial dissolution of the cell wall, 
which, however, does not necessarily imply that they act as ideal antagonists 

of auxin. 

“The dissolution of the primary wall, or loosening of junctions in the wall, 
is necessary for the assumed subsequent growth by intussusception. Calcium 
is necessary for this process. If it is absent the tensible wall stretches until 
even the elasticity has disappeared and elongation stops. It was concluded (9) 
that calcium is necessary for the building up of the new material in the wall 
and the final elastic property. It may be more correct to assume that the 
intussusception under water absorption prevents an overstretching of the 
elastic material, so that the role of calcium in this way would be to preserve 
the elasticity inherent in the primary wall material by mediating the incor- 
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poration of new micelles in the wall. This growth is likewise inhibited by 
additions of auxin to roots, but no conclusions as to the mechanism can be 
drawn at present. This forms Phase 2 of the elongation, which goes on until 
stopped by some unknown limiting factor. 

It is at present not feasible to introduce the actions of a-phenoxyisobutyric 
acid and daphnetin into this picture. The reason is that it is not clear to what 
extent the former compound exerts auxin and antiauxin properties. The 
antiauxin activity ought to be exerted in the growth by intussusception, where 
it may actually compete with auxin, but even the role of auxin in this process 
is not clear. As to daphnetin its growth-promoting action is connected with 
the unknown ’Factor X’, of which nothing but a growth-inhibiting action 
is kown. 


Summary 


Auxin causes on wheat roots a shift from an irreversible plastic to an 
elastic tensibility of the cell walls during the first phase of the elongation, 
which accounts for one part of its growth-inhibiting action. It is assumed 
that auxin mediates a reversible dissolution of the cell wall, which explains 
both its growth-promoting and growth-inhibiting action. 

Coumarin and daphnetin both annihilate the tensibility of the wall making 
it wholly rigid. The subsequent growth by intussusception is not affected 
by these compounds. For coumarin this leads to growth inhibition. Daph- 
netin promotes growth if this is inhibited by a natural, not identified growth 
inhibitor. 

a-phenoxyisobutyric acid exerts actions characteristic of both auxins and 
antiauxins simultaneously. 

The general scheme of cell elongation involving two distinctly separated 
growth phases has been further developed, and an attempt has been made to 
localize the auxin and coumarin actions in this picture. 

It is pointed out that the growth regulators may possess both auxin and 
antiauxin properties because they act differently on different parts of the 
elongation process. The concepts of auxin and antiauxin should not be used 
indiscriminately on the ground of growth promotions or growth inhibitions 
without definitions of the parts of the growth process upon which they act. 


The author is indebted to Mrs. Greta Jansson for skillful technical assistance. 
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Introduction 


The use of spectrophotometric methods for investigating the fluorescence 
of plant pigments in vivo has provided a new means for examining the 
photosynthetic apparatus and mechanism. (Van Norman et al., 1948; 
Duysens, 1951, 1952; French and Young, 1952). 

These methods have been used successfully in measuring the energy 
transfer from one pigment to another in the living plant, particularly in 
red algae. In the living tissue, as a result of the very complicated optical 
system formed by the cellular structure, fluorescence spectra obtained in 
such material are drastically influenced by scattering and reabsorption of 
both the incident and the fluorescent light. In pure solutions of the pigments, 
the effect on the spectrum of reabsorption can be calculated, cf. Duysens 
(1952), but in case of the living tissue these calculations are complicated by 
internal light scattering. Internal scattering is greatly reduced by infiltration 
with water. 

In this paper are given spectral curves showing the effect of infiltration 
on the fluorescence spectrum of different tissues. A study was also made 
of the fluorescence spectrum during different stages of the rapid change in 
fluorescence yield after the beginning of illumination, known as the » Kautsky 
effect» (Kautsky and U. Franck, 1948 and earlier). 


1 Address after Jan. 1, 1955: Botanical Laboratory, Lund, Sweden. 
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Apparatus and Methods 


The apparatus used for the measurement of fluorescence is briefly described 
by French and Young (1952); a more detailed description will be published 
later, (French: In preparation). 


The sample was lightly pressed between two glass plates and held vertically. The 
outer plate was opaque except for a 15X1 mm, opening matching the size of the 
exciting light beam. The fluorescent light emitted from the sample was collected by 
a concave mirror, filtered from incident light, and analyzed by a reflexion-grating 
monochromator. The angle of the grating was changed by a motor drive so that 
different wave lengths fell upon a photomultiplier tube behind the exit slit. After 
the photo current had been corrected for the spectral sensitivity of the photo- 
multiplier and for the monochromator transmission, it was amplified and fed to a 
Brown recording potentiometer. The paper-drive of the recorder was synchronized 
with the wave-length drive so as to record the wave length linearly. The wave 
length of the exciting light was either 436 mu or 546 mu emitted from a mercury 
lamp (General Electric, AH — 4,100 watts) and isolated by means of a combination 
of glass filters. A system of lenses projected the proper sized image of the mercury 
arc onto the sample. 


Experimental results 


1. The effect on the fluorescence spectrum of the concentration of chloro- 
plasts and of air-filled intercellular spaces 


The fluorescence spectrum of green leaves containing small amounts of 
chlorophyll generally has a high value of the maximum at 685 mp as com- 
pared to the value of the secondary maximum at 735 mu. The shape of 
this spectral curve resembles that obtained with dilute solutions of chloro- 
phyll a, but the curve is shifted to longer wave lengths. However, in a dark 
green leaf the maximum at 685 mu sometimes has a lower value than at 
735 mu. This low value at 685 mu as well as the rather high value at 
735 mu has been assumed to result from large amounts of chlorophyll in 
the tissue. The proximity of the fluorescence peak at 685 my to the peak 
in the absorption spectrum of chlorophyll in the leaf would result in strong 
reabsorption of the fluorescent light; whereas the fluorescence peak at 735 mp 
. would tend to rise with increasing chlorophyll concentration (French and 
Young, 1952). 

After measuring the fluorescence of a number of leaves of different kinds 
it was found, however, that this relation between the fluorescence spectrum 
and chlorophyll content did not always hold true. Dark green leaves, as 
compared to pale leaves of low chlorophyli content, could in some cases 
show a higher peak at 685 mp than at 735 mu. 
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In order to determine the effect of chloroplast concentration on the 
fluorescence spectrum, suspensions of chloroplasts were prepared from 
spinach leaves by the method of Kumm and French (1945). Various con- 
centrations were made by diluting the very thick centrifuged mass with 0.5 
molar sucrose solution. The number of chloroplasts per cubic millimeter was 
determined in a haemacytometer. 

The fluorescence spectra of five different suspensions whose concentra- 
tions increased in steps by factors of five, are shown in Figure 1. The 
thickness of the illuminated layer was 1.5 millimeters. From the spectral 
curves it is evident that an increase in the concentration of chloroplasts 
increases the reabsorption of the fluorescent light which is particularly 
evident for the main peak in the fluorescence spectrum. It is also evident 
from Figure 1 that the maximum at 735 mu increases with increasing con- 
centration of the suspension, but it never gets higher than the peak at 685 
mu even in very concentrated suspensions of chloroplasts, with chlorophyll 
content higher than in an ordinary leaf. 

The peculiar shape of the curve of the fluorescence spectrum of a green 
leaf thus seems to be caused not only by the high concentration of chloro- 
phyll but by some other factors among which the scattering of the light 
within the leaf seems to be the most probable one. That this is true can 
be shown by illuminating an »artificial leaf tissue» consisting of a dense 
layer of glass wool moistened by a thick suspension of chloroplasts. If the 
glass wool is half dry so that it contains numerous air-filled spaces, the 
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Figure 2. Fluorescence spectra of glass wool moistened with a thick suspension of 
chloroplasts. Two spectra are given. One of a piece of glass wool partly dried 
(with airfilled spaces), the other of the same material infiltrated with water. 
Incident light: 436 mu. 

Figure 3. Fluorescence spectra of normal and infiltrated leaves. Material: Arbutus Men- 
ziesii. Incident light: 436 mu and 546 mu. 


fluorescence spectrum (Figure 2) is very much like that from a normal leaf 
with intercellular spaces (French and Young, 1952; Figure 2). If the glass 
wool, moistened with the chloroplast suspension, 1s infiltrated with water, 
the same fluorescence spectrum is obtained as for a chloroplast suspension 
of equal concentration, A similar change of the fluorescence spectrum can 
be obtained if a leaf, which normally gives a spectrum characterized by 
two maxima of about the same height, is infiltrated (Figure 3). By the 
infiltration the maximum at 685 mu increases in height and that at 735 mu 
decreases, the result being a spectrum similar to that of a chloroplast suspen- 
sion in which the scattering of the light is small. The effect of the scattering 
of the light by the air-filled intercellular spaces is particularly evident when 
weakly absorbed incident light of 546 mu is used (Figure 3). The fluores- 
cence spectrum of the normal leaf has a rather high maximum at 735 my 
whereas only a hump of the peak at 685 mu can be seen in the spectrum. 
The spectrum of the infiltrated leaf, on the other hand, shows a definite 
maximum at 685 mu and a lower maximum at 735 my. The infiltration 
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thus changes completely the shape of the spectral curve although the 
maxima or traces of maxima are found at the same wave lengths in 
both cases. 


2. Possible explanation of the difference in spectral curves 


The fluorescence spectrum of a green leaf is characterized by two 
fluorescence bands with maxima at 685 mu and 735 mu. The fluorescence 
band with maximum at 685 mu lies partially within the chlorophyll absorp- 
tion band of the leaf (À max ~ 680 mu) whereas the fluorescence band with 
maximum at 735 mu lies entirely outside the chlorophyll absorption. These 
facts account for the behavior of the fluorescence spectra of normal and 
infiltrated leaves as the following analysis shows. 

The light entering a leaf is scattered and multiply reflected by cell walls 
and by particles in the cells. The average length of the light path may 
therefore exceed the thickness of the leaf. A leaf infiltrated with water is 
much more transparent than a normal leaf due to the reduction of the 
scattering at the cell walls, thereby making the leaf more optically homo- 
geneous. 

The scattering is somewhat dependent upon the wave length but the 
transparency to different wave lengths depends primarily on the selective 
absorption by the pigments. The absorption coefficient at a particular wave 
length for the leaf as a whole may be approximately considered to be the 
product of the absorption coefficient for an individual plastid, the concen- 
tration of plastids, and the average length of the light path which is deter- 
mined by the amount of scattering. 

The intensity of fluorescence emitted at any minute spot within the leaf 
is presumed to be determined solely by the optical properties of the leaf 
for the incident light and by the fluorescence efficiency of the emitting 
substance. The spectral energy distribution of the fluorescent light at the 
actual point of emission must also be that characteristic of the emitting 
substance. 

The measured fluorescence spectrum of the light coming out of the leaf 
may, however, be greatly distorted by the reabsorption by the leaf pigments. 
The reabsorption of the fluorescence at each wave length is influenced by 
both the absorbing capacity of the pigments and the average path length 
due to scattering. Therefore, when the scattering is reduced by infiltration 
the distortion of the spectrum of the emerging fluorescent light is decreased. 

In the infiltrated leaf the fluorescent light of long wave lengths will have 
less intensity as compared to that in the normal leaf due to less absorption 
of the exciting light. At shorter wave lengths, however, it will become 
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stronger as compared to that in normal leaves in spite of less absorption 
of the exciting light. This is due to the much shorter pathway for the 
fluorescent light which contributes to a decrease of reabsorpticn and an 
apparently stronger fluorescence than in the normal leaf. 

Some spectral curves give the impression that normal leaves show 
stronger fluorescence at longer wave lengths than corresponds to the actual 
amount of chlorophyll. This may be the case if the scattering is so strong 
that most of the incident light is »absorbed» at the very surface of the 
leaf. The self-quenching of the fluorescence will then be smaller than if the 
exciting light had penetrated deeper into the tissue and consequently the 
fluorescence had come from deeper lying layers. 


3. The fluorescence spectrum at different stages during the 
change in fluorescence yield 


The time course of the fluorescence of a living green tissue is characterized 
by a very rapid increase of the intensity of the fluorescence at the beginning 
of illumination if the tissue has been in darkness for some hours prior to 
illumination. The maximum intensity is reached after about 0.5 second. 
During the following five to ten minutes the fluorescence gradually decreases, 
sometimes with fluctuations, until a steady state is reached, when the 
intensity of the fluorescence may be as low as one third of the maximum 
value (Kautsky and U. Franck, 1948 and earlier; J. Franck et al., 1941; 
Wassink and Katz, 1939; a.o.). 

The changes in the fluorescence are dependent to some degree on such | 
external factors as concentrations of carbon dioxide and oxygen in the 
surrounding air and on temperature. The small fluctuations in the compo- 
sition of the air which may occur during the course of an experiment 
do not, however, have a significant influence on the time course of the 
fluorescence. 

In the experiments reported in this paper the fluorescence spectrum has 
been measured during different stages of this initial change in the fluores- 
cence yield. The material used consisted of Arbutus Menziesii and Montia 
perfoliata, thalli of the alga Ulva lactuca, and chloroplast suspensions of 
Spinacia oleracea. 

The leaves and the thalli of algae to be investigated were kept in darkness 
for one day prior to the measurement. They were then illuminated for a 
short period with light of 436 mu giving a high fluorescence yield. After 
a few seconds the maximum fluorescence was reached (measured at 685 mu). 
Then the light was shut off and the object was left in complete darkness 
for 8—10 minutes, when the iliumination was repeated. After this time in 
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Figure 4. Fluorescence spectra during the beginning and the end of the so-called » Kautsky- 
effect». Material: Arbutus Menziesii, normal leaves. Incident light: 436 mu. 

Figure 5. Fluorescence spectra during the beginning and the end of the so-called » Kautsky- 
effect». Material: Montia perfoliata, normal leaves. Incident light: 436 mu. 


darkness maximum fluorescence is again obtained (cf. Wassink and Katz, 
1939). The time in darkness had to be taken some minutes longer for the 
leaves than for the algae due to slower restoration in the former case. 
When five consecutive measurements gave equal values, the whole spectrum 
was measured by changing the wave-length setting of the analyzing 
monochromator ten millimicrons at a time. The fluorescence spectrum for 
the steady state was taken after the object had been continuously illumi- 
nated for ten minutes with the incident light used for exciting fluorescence. 
The spectra thus obtained are shown in Figures 4—6. 

First consider the fluorescence spectra of normal, uninfiltrated leaves 
(Figures 4 and 5). It is evident from the curves that the decrease in fluores- 
cence yield during the first few minutes of illumination does not take place 
proportionally for all wave lengths. The fluorescence around 685 mu 
decreases more than that around 735 mu. This can be seen by reducing the 
curve for the initial fluorescence so that its height at 685 mu equals that 
for the observed steady state at the same wave length. Leaves from many 
different species, in addition to those mentioned here, have been investi- 
gated and the same type of disproportionality has always been found. Some- 
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Figure 6. Fluorescence spectra during the beginning and the end of the so-called » Kautsky- 
effect». Material: Montia perfoliata, normal leaves. Incident light: 546 mu 

Figure 7. Fluorescence spectra during the beginning and the end of the so-called » Kautsky- 
effect». Material: Montia perfoliata, infiltrated leaves. Incident light: 436 mu. 

Figure 8. Fluorescence spectra during the beginning and the end of the so-called » Kautsky- 
effect». Material: Ulva lactuca. Incident light: 436 mu. 


times the difference between the observed and the calculated values at 
735 mu can amount to 25 to 30 per cent. When incident light of 546 mu 
is used, a disproportionality is also found but the curve shapes are different 
(Figure 6). If now the same experiments are performed with infiltrated 
leaves, the difference between the observed and calculated spectra is much 
smaller (Figure 7). However, the magnitude of the »Kautsky effect» was 
also small in this experiment. If thalli of Ulva are used, where we have no 
air-filled intercellular spaces at all, the two spectra show complete con- 
gruence (Figure 8). 

The experiments illustrated in Figure 2 showed that light scattering due 
to intercellular spaces gave a considerable change of the shape of the 
fluorescence spectrum. If some similar change in light scattering is respon- 
sible also for the lack of coincidence between the two. curves from the 
experiments before and after the change in fluorescence intensity, the con- 
clusion can be drawn that some changes occur in the leaves during the 
time it takes for the fluorescence to reach the steady state which are big 
enough to cause a change in the air volume or in some other optical property 
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of the intercellular spaces. The change of the curves during the period of 
the intensity change is the same as that which would be obtained if the 
intercellular air spaces were increased, It is also a possibility that a change 
in the pigments takes place during this first minute of illumination. The 
possibility of a simple drying out of the tissue can be excluded as the same 
curves are obtained if the tissue is immersed in water during the experiment. 

Experiments were also performed with chloroplast suspensions of Spinacia 
oleracea, The suspensions were fairly diluted and were used not later than 
four hours after their preparation. This short time in darkness may decrease 
the magnitude of the »Kautsky effect», but it was chosen because the 
decrease in photochemical activity of isolated chloroplasts takes place rather 
rapidly (Milner et al., 1950). The suspension, kept in a completely dark 
vessel, flowed from there through a narrow channel, 0.85 X0.06X10 milli- 
meter in size, which was exposed to the exciting light (436 mu). The rate 
of the flow through the channel was controlled by a stopcock applied to 
the outlet of the illuminated chamber. At any constant flow rate the fluores- 
cence will keep constant, but its intensity will be dependent on the flow 
rate. A very rapid flow gives the fluorescence at the very beginning of the 
fluorescence time-curve while a low flow rate gives the average intensity 
for the interval of time in question. In this way it was possible to get the 
whole fluorescence spectrum at different intensities of fluorescence within 
a short time. Some of these spectral curves are shown in Figure 9. If these 
curves are proportionally reduced to match the same height at a particular 
wave length, they are all identical, i.e., the change in the intensity of the 
fluorescence during the initial rise to the maximum intensity (Figure 10) is 
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Figure 10. The rise in fluorescence inten- 
sity after illumination determined by a 
flow method. Material: Chloroplast sus- 
pension of Spinacia oleracea. Incident 
light: 436 mu. 0 


AVERAGE FLUORESCENCE INTENSITY 


0.) 0.2 0.3 0.4 
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the same over the whole wave-length range. This fact is consistent with the 
idea that previously mentioned irregularities in the fluorescence spectrum 
of normal leaves are due to scattering of the light in the mesophyll layers. 


Discussion 


The experiments reported here point to a greatly improved way of using 
leaves and other tissues of higher plants for studies of fluorescence in vivo. 
By infiltrating the tissue prior to the measurement the great variations in 
fluorescence intensity observed even between different parts of one and the 
same tissue can be reduced. The results show that is is not possible to use 
the height of the two maxima in the fluorescence spectrum as a measure 
of the pigment concentration in a living tissue, since this in a normal 
tissue is mainly due to the actual volume of the air-filled intercellular 
spaces, which are subject to rapid changes under continuous illumination. 


Summary 


The effect on the fluorescence spectrum of the scattering of light has 
been studied by comparing the fluorescence of normal and infiltrated leaves 
with that of a suspension of chloroplasts. 

The spectral curve for the fluorescence of a normal leaf is characterized 
by a rather small difference in height of the maxima at 685 mu and 
735 mu. By infiltration of the leaves the peak at 685 mp increases in height, 
while the peak at 735 mp decreases, the result being a spectral curve similar 
to that obtained for a suspension of chloroplasts. A spectrum very similar 
to that of a normal leaf can be obtained by illuminating a suspension of 
chloroplasts thinly distributed over a piece of fine-fibered glass wool. 

The scattering of the light causes a disproportionality between the spectral 
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curve for the fluorescence at the very beginning of the illumination and the 
curve for the steady state, probably due to a changed shape of the inter- 
cellular spaces or some other optical phenomena of the tissue. 


The author wishes to thank Dr. C. S. French, Dr. J. H. C. Smith and Dr. 
L. N. M. Duysens for valuable suggestions and discussions. 
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The Production of Fruit Bodies in Collybia velutipes 


I. Influence of Different Culture Conditions 
By 
KARIN ASCHAN 


Institute of Physiological Botany, University of Uppsala 
(Received June 14, 1954) 


When using Collybia velutipes for genetic studies the culture conditions 
for fruit body production soon became a matter of great interest. Conditions 
which would give rise to F, generations in as short a time as possible were 
desirable. Wildtype strains from different localities as well as dicaryotic 
strains originating from (mutantxXmutant) or (mutant Xwildtype) turned 
out to differ in their capacity for fruit body production. Before going on to 
study the different behaviour of various dicaryotic strains, some good stan- 
dard conditions were desired which could rapidly switch the development 
of a wildtype strain from pure mycelial growth into production of fruit bodies. 
Since relatively little is known about the conditions for fruit body produc- 
tion in basidiomycetes the following results obtained with Collybia velutipes 
might be of wider interest. 

Collybia velutipes is well known for easily producing fruit bodies on 
different media. The culture media used earlier have been either malt agar 
or agar medium with saw-dust or blocks of wood and Hawker (1936) used 
semisynthetic as well as a synthetic agar media with KNO, (cf. page 582). 
For a complete survey over these works the readers are referred to Plunkett 
(1953). It seemed, however, desirable to get fruit bodies on a synthetic 
liquid medium. Such a medium has also been obtained. Plunkett’s work on 
the production of fruit bodies in this same species on a synthetic liquid 
medium was at that time known to the author. Since Plunkett used a culture 
medium and culture conditions different from those used by this author, 
it was of interest to compare these two media under the same conditions in 
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order to see which was the more suitable for getting a rapid production of 
fruit bodies. The author is very obliged and grateful to Dr. B. E. Plunkett 
for stimulating discussions and for the opportunity to read even unpublished 
parts of his thesis (1951) which he most generously lent to me. 


Material and methods 


The only strain used in this investigation was the dicaryotic wildtype (L1XL 7). 
L 1 and L7 represent two compatible monospore cultures derived from a fruit 
body L collected at Uppsala in 1949. It was of special interest to investigate the 
dicaryotic combination between these two strains since a lot of mutants have been 
derived from them (cf. Aschan 1952, Aschan and Norkrans 1953, Norkrans and 
Aschan 1953) and the author later wanted to compare the production of fruit bodies 
from dicaryotic matings between these mutants with that of the original dicaryotic 
wildtype. 

Earlier investigations at this institute with Collybia velutipes established that for 
the production of fruit bodies on malt agar a pre-treatment period of one week in 
darkness at +25° C (hereafter called only pre-treatment) and thereafter cultivation 
at +10° C and +15° C in light was much better than placing the cultures im- 
mediately in light incubators (called direct). Further details concerning these experi- 
ments were not available and therefore some experiments have been arranged in 
order to confirm that these light and temperature conditions were especially good 
for even (L 1XL 7). In the first experiments it was, however, taken for granted 
that this was the case. 

In experiments with agar media (Expt. 1—3) the agar was always of 2 per cent 
concentration. When synthetic nutrient agar media were used, the agar was tho- 
roughly washed in running tap water and then distilled water. Agar slopes were 
prepared with 30 ml. of substrate in glass tubes (3.5 X22 cm.). A minimum of two 
parallel tubes was always run. The number of fruit bodies produced in these tubes 
was only visually estimated. In most cases the parallel series (—replicates) showed 
very similar development but occasionally deveiopment of fruit bodies failed. 

In experiments with liquid media deviations between parallel flasks have also been 
observed, but the agreement between duplicates was better than on agar substrates. 
The two basic synthetic nutrient solutions Min: and Plo or slight variations of them 
(i.e. Min, and Pl,) have mainly been used. 

The chemicals were of the highest purity obtainable. The water was distilled 
twice, the last time in a pyrex still. 


In this investigation the word »micro-nutrients» is used for MnSO,, ZnSO,, NaCl, 
and CaCl,. 

The pH of autoclaved Min, is 5.3 and has in some experiments been adjusted with 
1-N NaOH. The pH of Pl, was always adjusted with 1-N HCl to pH 5.8 if no other 
pH is specified. The pH determinations were made with a glass electrode potentio- 
meter of the Copenhagen Radiometer type pH meter 22. All media were autoclaved 
at 120° C for 15 minutes. 

The composition of the Min, medium has been chosen after studying the mycelial 
growth of Collybia velutipes on the synthetic solutions used in growth experiments 
by Marczynski (1943) and Lindeberg (1946). A modified combination of these two 
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Composition of media: 


Mini. Pl 

(=min Aschan 1952) (=one of the best media used by Plunkett) 
Aqua@dest. 2.00, 1000 ml. A TUASTES EEE M re 1000 ml. 
Biucosea erie re 20.0 g. SUCLOSC arouse teas stars Co ee 75.0 g 
NHz-tartrate .. ...... 9.0 » ASDATA PIN ee 1.0 » 
NSROLE SEC. 7.0 » RO HP OLA een ent 5.0 » 
MgSO4 > 7H20 IE 2.5 à —=Ming MgSO4 ° 7H2O res eee eee sie) ieee PA) à 
Ferric eitrate! (1 %) Del RES 0227, ON in legos, 30) seas traces 

\Ferric citrate (in other Expts.) .. 0.5 ml. 

ESTG ee 50 ug. AUT tere 50 ug. 
MnS0434H50 2.2.5 207 ag.) 
750, MO... 20 >» (micro- 
NEIGE EEE 100 » In a che mutrients asm Ming: 
CaCb ss ehe ep ies: ie 100 » 


1 1 g. ferric citrate+0.64 g. citric acid in 100 ml. HO. 
2 Note the concentration in this medium differs from that used by Aschan in 1952. 


solutions proved more satisfactory. Thus glucose and addition of Mn, Zn, Na, and 
Ca according to Lindeberg proved to be better than the sucrose medium without 
addition of these micro-nutrients used by Marczynski. The proportions of the 
macro-nutrients in Marczynskis medium gave, however, better mycelial growth in 
darkness at +25° C than that of Lindeberg. Of different strains used in these 
earlier experiments some were found to be completely aneurin heterotrophic and 
some partial aneurin heterotrophic (cf. Marczynski 1943; Barnett and Lilly 1947; 
Plunkett 1953). 

Quantitative determinations of the dry weights of the mycelia and fruit bodies 
or fruit body rudiments have been made after a few weeks of growth on 25 ml. 
nutrient solution in 125 ml. Erlenmeyer flasks of American pyrex. The same tech- 
nique for floating surface culture and dry weight determination were used as are 
commonly employed at this institute (Melin and Lindeberg 1939; Norkrans 
1950). The inocula (22 mm.) are always taken from cultures in Petri-dishes with 
2.5 per cent malt and 2 per cent agar incubated at +25° C in the dark for 1—2 
weeks. 

The number of parallel flasks on which the mean values are based are usually 
given only in the figure or the table corresponding to the experiment in question. 
In some cases few or no replicates were run, but the results are included since they 
show the same growth tendency as parallel series kept under similar conditions. 

Limited space in the light incubator prevented the author from obtaining dry 
weights at various stages of growth. In Experiment 1 the author chose to harvest 
at the same stage of fruit body development. In other experiments it seemed more 
desirable to compare cultures harvested at the same age. These experiments could 
not be carried on long enough to see if a culture was really capable of producing 
fruit bodies for, if this was done, the earliest developed fruit bodies would have 


become over mature. 
38 
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Dark and light incubators have been used at 510° GC, IDC 720 7.02 and 
+25° C. The dark constant temperature rooms at +20° C and 25° C are large 
rooms in which the humidity is more constant than in the smaller incubators. The 
temperature variation in the light incubators was +1° C and in the +20° C in- 
cubator +2° C or sometimes for a short period +3° C. 

The illumination was provided by a mercury vapour lamp, HgH 1000 and an 
incandescent lamp (500 watt). The heat from the lamp was removed by a water 
filter. Usually the light intensity was 1500 lux but in spite of precautions taken, 
growth of algae occurred which may, have caused the occasional low light intensity 


of 700 lux. 
Variations in humidity, temperature and light conditions might cause ambiguous 
results obtained from experiments performed at different times. 


Experiments and results 


The experiments can be divided into two groups: Group I — Agar media 
and Group II — Liquid media (Expt. 1—5). The first group of experiments 
was arranged in order to determine the malt concentration most suitable 
for fruit body production and to find a synthetic medium giving equal or 
better production. In the second group of experiments different synthetic 
media have been compared, with special interest given to the influence of 
different nitrogen and carbon sources, micro-nutrients and pH. In both 
groups the influence of different light and temperature conditions were given 
special attention. 


I. Experiments with agar media 


These experiments with agar media are not going to be described in 
detail. Only the results are given: 

1. Influence of light. — Light was found to be necessary for complete 
development of fruit bodies. Without light only mycelial growth or fruit 
body rudiments with stipes but no pilei were produced. This result con- 
firms similar facts found by Plunkett. 

2. Influence of temperature. — Well developed fruit bodies were only 
obtained at. +10° C and +15° C in light and not at +20° C. At the latter 
temperature only a slight tendency for fruit body production could be seen 
after some weeks in a few experiments. These primordia were, how- 
ever, later overgrown by the mycelium. At +25° C not even primordie 
production could be noticed. The time for fruit body production was delayed 
about one week in tubes kept at +10° C as compared with +15° C. These 
different influences of temperature were found on both malt agar and min 
agar media. 


3. Influence of various light-temperature combinations. — One week of 
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pre-treatment in darkness at +25° C before placing in light incubators was 
found to give rise to fruit bodies one week earlier than in series being 
directly placed in light incubators. Pre-treatment periods of longer duration 
(2—3 weeks) as well as of shorter duration (0—5 days) were found to give 
rise to fruit bodies later than the normal pre-treatment period of one week. 

The pre-treatment on 2.5 per cent malt at +25° C had the following 
influence. 


Period of pre-treatment: Time for fruit body production: 
(pre-treatment included) 


0 week 5 weeks 
1 week 4 weeks 
2 weeks 5 weeks 
3 weeks after 7 weeks only mycelial growth. 


Cultures kept 1—13 days at +25° C in light and later placed in the dark 
and incubated at +15° C or at +4° C only produced fruit body rudiments. 
Fruit bodies have, however, been observed in stock cultures which are stored 
in darkness except for short intermittent periods of light from a 70 watt 
electric bulb. 

In some experiments it has been observed that slightly shaded tubes gave 
earlier fruit body production than directly illuminated tubes. This indicates 
that the light conditions might be limiting even if constant illumination is 
used (cf. Plunkett). It is also possible that the influence of light may vary 
according to the stage of growth at which it is applied. A more thorough 
investigation concerning the intensity and the quality of light necessary for 
fruit body production seems desirable. 

4. Influence of nutrient media. — a) Malt extract (20.0; 15.0; 10.0; 5.0; 
2.5; 2.0; 1.0; 0.5 per cent). Of these concentrations fruit bodies were only 
obtained within the concentrations 2—5 per cent malt extract. After 33 days 
(pre-treatment; +10° C light) the best fruit body production was to be seen 
in the tubes with 2.5 per cent malt extract. 

b) Medium Min,+glucose. Different concentrations (1.0; 0.5; 0.1; 0.05; 
0.025; 0.005 mol.) were tested. The best fruit body production was obtained 
with concentrations of 0.05—0.5 mol. glucose and seemed to be slightly 
better at the lower concentrations. Min, media (18—20 g. glucose/litre or 
ca. 0.1 mol.) failed to give constant results in successive experiments. Mor- 
phologically fruit bodies on Min, agar media deviated from those on malt. 
Fruit bodies on Min, were always pale and not even on the stipes could 
any dark colour be detected when compared with those on malt. The fruit 
body production seemed to be larger on malt than on Min,. 

c) Medium Min, +different aneurin concentrations (0.032 0.2:78.05750; 
300 ug./tube). No differences could be observed between tubes with different 
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aneurin concentrations. These results are not in accordance with the results 
for basidiomycetes including Collybia velutipes in which higher glucose 
concentrations necessitates larger aneurin concentrations to get optimal 
growth. (Keyworth 1941; Hawker 1942). 

d) Medium Min, + various vitamins. Riboflavine, pyridoxine, panthotenic 
acid, p-aminobenzoic acid, nicotinic acid, choline, inositol, folic acid and 
biotin together gave growth equal to that on pure Min, medium. 

e) Medium Min,+different concentrations of hydrolysed nucleic acid. 
Growth was not influenced by hydrolysed nuclei acid supplements. 

f) Medium Min,+ acid hydrolysed casein. A concentration of 0.1—5.0 
mg./tube had an accelerating effect on the fruit body production as com- 
pared with pure Min, medium. The lowest of these concentrations was much 
better and gave rise to fruit bodies about one week earlier than on pure 
Min, medium. When tryptophane was added to Min, +acid hydrolysed casein 
the development was retarded. The close relation of this substance to indole 
acetic acid suggests that the latter growth substance may influence the fruit 
body development. 

Although an inhibitory effect on mycelial yield by tryptophane is reported 
for some hymenomycetes (Fries 1950; Norkrans 1950) the author is not 
aware of any effect on the fruit body development in hymenomycetes. 

g) Medium Min, + Yeast extract. 10 mg./tube had no influence on growth. 
Concentrations of 100 mg./tube had a slight inhibitory effect. 


Il. Experiments with liquid media 


As stated in the introduction, a synthetic medium, Min,, without agar 
proved to give just as good fruit bodies as the Min, medium with agar at 
+15° C in light after pre-treatment. The culture conditions for the Pl, 
solution used by Plunkett were direct (=no pre-treatment period) light at 
+20° C. The three principal differences in the media are: 


1) Different macro-nutrients, particularly carbon and nitrogen (cf. p. 573). 
2) Mn, Zn, Na, and Ca compounds were not added to the Pl, solution. 
3) pH. 


The following experiments were arranged in order to compare the in- 
fluence of »Min» and »Pl» solutions on fruit body production with particular 
attention to the effects of the above mentioned differences. 


Experiment 1. Comparison between medium »Min» and medium »Pl». 


The basic media Min,, Min,, Pl,, Pl, were used. Each medium was tested at 
pH 5.2 and 5.8. The pH after autoclaving differed somewhat from these values as 
can be seen in Table 1. From each of these 8 culture media the one series of 
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2 parallel flasks was pre-treated before being placed in light at +15° C and + 20° C 
and the other series of two flasks was placed directly into these incubators without 
any pre-treatment. At +25° C all media were placed directly into the light incubators. 
The two original solutions Pl, and Min,, were also tested at +10° C after pre- 
treatment, but without parallel flasks. The mycelium and fruit bodies in the dif- 
ferent media or even in the parallel flasks were not harvested on the same date but 
about two days after the first mature fruit body had been observed. Cultures in 
which no fruit bodies appeared within 52 days were harvested at that time. 


The two starting pH values of the medium did not greatly influence the 
final dry weights. The average mean final dry weights in Figure 1 are thus 
usually based on four flasks. The dry weights of fruit bodies and fruit 
body rudiments have been determined separately. When comparing the dry 
weights in Figure 1 with the time when the cultures were harvested in 
Table 1 it is clear that the fruit body production does not always start at the 
same time in parallel cultures. However, in spite of these differences there 
seems to be culture media and culture conditions which are extremely good 
for an early, even if not large, fruit body production. From Table 1 
it is also clear in which series the mean dry weights in Figure 1 are based 
on less than four cultures, The starting pH is also given since there are some 
indications that it may influence the time required for production of fruit 
bodies. 

From Table 1 and Figure 1 it is clear that a pre-treatment period retards 
the production of the first mature fruit bodies but increases the dry weights 
of the fruit bodies. Fruit bodies are produced even from media when the 
starting pH is as low as 5.2 which, according to Plunkett, is the lowest pH 
for fruit body production. In the glucose-ammonium tartrate medium the 
development of fruit bodies at the starting pH 5.2 is in many series depressed, 
but if starting pH is increased to pH 5.5—5.7 the pH does not appear to be a 
limiting factor for the fruit body development. The »Pl» solutions does not 
seem to repress fruit body production at the low pH. This is quite natural 
if the lower limit for fruit body production is about 5.2, since growth on 
asparagine makes the solution alkaline but growth on ammoniumtartrate 
instead acidifies the solution. The added micro-nutrients seem to be essential 
for a good growth on the »Min» solutions but not necessary for » Pl» solu- 
tions. Investigations on Marasmius species (Lindeberg 1944) have shown 
that Ca, Mn, and Zn have a growth promoting effect. From my experiments 
with »Pl» solutions it is impossible to decide whether these micro nutrients 
affect growth when using the asparagine-sucrose medium or whether a 
sufficient supply of them already exists in the medium as impurities. Quan- 
titative analytical tests made with dithizone according to Odegard (1952) on 
the sucrose and the asparagine gave no positive reaction for impurities of 
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Figure 1. Comparison between the four liquid media Mino, Plo, Min, and Pl, in their 
capacity for producing fruit bodies under different culture conditions. Dry weights of fruit 
bodies marked §, fruit body rudiments [4, and mycelium (_]. Harvest is made about two 
days after the full development of a mature fruit body or after 52 days. Us 
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Table 1. Incubation time in days in Figure 1. Fruit bodies were produced about 2 days before 

being harvested. * No fruit bodies or even primordia were observed. ** Rudimentary fruit 

bodies. *** Primordia. ! Abnormal fruit bodies. Heavier type refers to culture media and 

special culture conditions originally used for fruit body production by Plunkett (Plo) and 
by Aschan (Min). 


Nutrient media | Min, | PR Min, Pl, Start 
Temp. | 15° 20° 25° |10° 15° 20° 25° | 10° 15° 20° 25°| 15° 20° 25° | PH 
(52)* (52)* (52)*| 26 52** (52)*/ 20 52** (52)*28 35 (52)" 0 
Direct | 24%* (32)* — | — 52%* (52)*} 20 59e (52935 52%* (52)8102 9-3 
: PE 291 291 (52) 20 62% (52)*| 20 20 (5230 42 (52. an 
Son 291 991 — | 30 52%%* (52)*| 26 30 (52)*/52 52** (52) °° 
time in| ,, | | 
days se) (52)* 38 32 52 — 29 52*** 35 52** : 
at 1250 (52)* (52)* I— 35 52% — 52 52#** 35 52** arate 
for 1 |(52)* (52)* 142 30 52*** 42 26 42 35 52** es 
week |(52)* (52)* — 38 52*** E32 41 52*** He 


Mn and Zn (See page 585 Expt. 4). However, the FeSO, used in this experi- 
ment was not tested on impurities of these elements. 

From the point of view of getting an F, generation as quickly as possible 
it is clear that the original »Min» and »Pl» solutions (Min, and Pl,) have the 
same effect, if the culture conditions used earlier for these solutions are 
altered. A direct comparison between Min, and Pl, shows the following: 


Time for fruit body 


appearance Dry weight 

Pre-treatment+cultivation at +10° C in light Miny=Plo Min; & Plo 

» + » SIDA Cr > Min; earlier than Pl Mini = Plo 

Direct + » » » » » Min; =Ply Min: = Plo 

Pre-treatment+ » ET a C.> > Min; earlier than Plo Min; > Plo 
Direct + » » » »  » Min; earlier than Plo if pH 

about 5.8 Min; > Plo 


The differences in fruit body yield between Min, and Pl, is thus larger at 
+20° C than at +15° C. At +20° C there is a good fruit body production 
on Min, but only rudimentary fruit body production on Pl,. The mycelial 
dry weights on all sucrose-asparagine media (Pl media) were better than on 
the glucose-ammonium tartrate media (Min media). Another tendency which 
might be significant is that at +20° Ca higher starting pH is necessary for 
an early fruit body production on Min,. Direct light treatment at +15° C 
seems to give the same result on both media and in these experiments have 
given rise to fruit bodies 20—30 days after the inoculation. If, however, 
a large fruit body yield is desired, a pre-treatment period seems to be very 
suitable for Min, solutions. A larger mycelial mat is produced with pre- 
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treatment than without at the time for primordie production and this seems 
to be associated with larger fruit body yield. 


Experiment 2. The influence of different carbon sources. 


Comparisons of Min, and Pl, solutions where the original sugars had been sub- 
stituted by glucose (0.1 mol.) or sucrose (0.05 mol.) or maltose (0.05 Mol) 728 
carbon/litre) were made in light incubators at +10° C, +15° C, and +20° C after 
pre-treatment and in darkness at +20° C. Sucrose and maltose (0.1 mol.) have also 
been tested. The pH of all solutions was adjusted to 6 before autoclaving. They 
were harvested after 28 days. 


The results are to be seen in Figure 2. Mature fruit bodies were produced 
on all culture media in the light with the exception of the +10° C light 
incubator where on Min, only rudiments or pure mycelial growth were 
obtained. Even if the results at + 10° C cannot be regarded as very significant 
since there are no duplicates the result agrees with earlier observations that 
the development on Min, is retarded at this temperature when compared 
with +15° C. Harvest 28 days after inoculation might therefore have been 
too early to get developed fruit bodies here and the result says nothing 
about total capacity of fruit body production under these conditions. As 
usual only rudiments of fruit bodies were observed in darkness. 

It is clear from Figure 2 that under all temperature conditions, at least in 
light, glucose is superior to sucrose which in turn is superior to maltose as a 
carbon source for production of fruit bodies. However, the differences 
between glucose and sucrose on the basic Pl media are not very significant. 
At +20° C in light the mean values for fruit body yield on glucose and 
sucrose solutions of Pl-type were 111.3 +6.5 mg. and 101.6+2.3 mg. respec- 
tively and the total yields on these media were 168.6 + 2.6 mg. and 150.4 + 4.3 
mg. respectively. The corresponding values on a basic Min medium were for 
fruit bodies 151.0+7.3 mg. and 97.7 +6.9 mg. and for total yield 203.4 +6.4 
mg. and 141.2+9.6 mg. (6 parallel flasks). The dry weights in the parallel 
flasks varied considerably but the total mycelial dry weights (mycelium + 
fruit body and fruit body rudiments) were less variable. The total dry weights 
but not the fruit body rudiments alone also showed that at +20° C in dark 
glucose is better than sucrose, which is better than maltose. 


This is in accordance with most investigations which show that of these 
three sugars glucose is best utilised for growth by most fungi or that growth 
is of about the same order with glucose and sucrose. See reviews by Hawker 
(1950) and Lilly & Barnett (1951). It is shown for Psalliota bispora by Tre- 
show (1944) that glucose might be better utilised than sucrose. Norkrans 
(1950) found that of seven Tricholoma species two could utilise sucrose 
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DRY WEIGHT AFTER 28DAYS 
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Figure 2. Dry weights obtained on media supplied with different carbon sources. Medium 

Min; has ammonium tartrate 9.0 g./litre (ca. 2.4 8. carbon/litre; ca. 1.4 g. nitrogen/litre) 

and medium Pl, has asparagine 1.0 g./litre (ca. 0.4 g. carbon/litre; ca. 0.2 g. nitrogen/litre.) 

Carbon added with the sugars 7.2 g./litre. All cultures pre-treated 1 week at +25° C in 
darkness. 


slightly better than glucose while most of the remaining species grew much 
better on glucose. The influence of carbon sources on mycelial growth 
might, however, be different from the influence on fruit body production. 
Hawker (1947) thus showed that sucrose had a much better influence on the 
sporulation of Melanospora destruens. In experiments by Bille-Hansen (1952) 
it was shown that maltose had a much better influence than glucose and 
sucrose on the fructification of some Coprinus species. However, this does 
not seems to be the case with Collybia velutipes on neither ammonium 


tartrate nor on asparagine media. 
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Experiment 3. The influence of different nitrogen sources. 


The media used were Min, and Min, solutions (NH,-tratrate 1.4 8. N/litre) or 
KNO, or NH,CI or asparagine in a concentration equal to 1.4 g. of N/litre instead 
of the NH,-tartrate. The Min media were strongly buffered with 3.5 g. K,HPO,+ 
3.5 g. KH,PO, instead of the 7 g. KH,PO, ordinary used in a Min solution. The 
last three compound mentioned were also tested in amounts of 0.14 g. N/litre. The 
starting pH of the solutions varied after autoclaving from 6.4—6.7. All flasks were 
harvested after 38 days. The series were run at +10° C and +15° C after the 
usual period of pre-treatment. 


The results of the experiment can be seen in Figure 3. and Figure 4. Since 
no growth was obtained on the nitrate media it has been omitted. The best 
fruit body yield at both temperatures was obtained with the ammonium 
tartrate media if micro-nutrients were added (medium Min,). Only one or 
two large mature fruit bodies were produced on this medium contrary to 
what was observed on the media with ammonium chloride or asparagine 
where the fruit bodies if produced were small. At the lower nitrogen con- 
centrations of asparagine and ammonium chloride (0.14 g./litre) the fruit 
body production was much better and of about the same order with and 
without micro-nutrients. 

The ammonium tartrate gave a much larger production of fruit bodies 
when micro-nutrients were present (Min, better than Min,). The production 
on this modified Min, media is, however, much better than that observed 
in Experiment 1. The composition of the Min, media in these two experi- 
ments is not quite the same as the phosphate composition differs and 
thereby also the starting pH which is much higher in this experiment. 
In Experiment 1 there also seemed to be a slight tendency for better fruit 
body production at the higher starting pH on Min, solutions. Additions of 
micro-nutrients to the ammonium chloride and asparagine media had no 
positive influence on the fruit body production. 

The results on the different media show the same degree of fruit body 
production at +10° C as at +15° C although the absolute dry weights tend 
to be greater at +10° C. The fruit body production started earlier at +15° C 
than at +10° C when ammonium tartrate was the nitrogen source. The 
final pH of the ammonium chloride medium was rather acid and that of 
asparagine rather alkaline especially in the solutions where the concentration 
of nitrogen was larger (1.4 g./litre) and no fruit body production occurred. 

The inability of Collybia velutipes to utilise nitrate has also been found 
by Plunkett. Basidiomycetes able to utilise this N-source seem to be rather . 
rare. Only one of eight Tricholoma species was found to utilise nitrate for 
growth, (Norkrans 1950), and two of fifteen Marasmius species, (Lindeberg 


1944, and Lindeberg and Molin 1949). Hawker (1936), however, has 
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Figure 3. Dry weights obtained with different nitrogen sources on glucose-containing 

nutrient media Ming and Min;. Medium Miny=Ming+Mn, Zn, Na and Ca compounds. Note 

the somewhat different phosphate composition than used in Expt. 1 (see text page 582). 
All cultures pre-treated. 


obtained fruit body production on a synthetic medium supplied with nitrate 
(called A) »but less freely on A» than on semi-synthetic media used. For a 
survey of nitrate utilising basidiomycetes see Lilly and Barnett (1951) as well 
as Robbins and Kavanagh (1942). Both, referring to the work of Hawker, 
classify Collybia velutipes as capable of utilising nitrate. Thus, it seems as if, 
according to literature, nitrate and non-nitrate utilising strains exist within 


the same species. 


Experiment 4. The influence of micro-nutrients. 

MnSO,, ZnSO,, NaCl, and CaCl, were added to Min, separately and combined 
in the same concentrations as used in Min,. Harvest was done after 36 days. 

From Figure 5 it is quite clear that each compound added separately had 


about the same influence on fruit body production. CaCl, influenced mycelial 
growth in darkness more than Mn, Zn, and Na compounds. All four com- 
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Growth on Min; without N-source 


+ NH4-tartrate + NH4CI + Asparagine + NHACI + Asparagine 
Nitrogen: 1.4 g/l 0.14 g/l 


Growth on Ming without N-source 


+ NH;-tartrate +NH;4Cl + Asparagine + NHACI + Asparagine 
Nitrogen: 1.4 g/l 0.14 g/l 


Figure 4. Growth at 10° C in light after 38 days (pre-treatment included) on the 

basic media Ming and Min, but with different nitrogen sources. The photos are to be com- 

pared with the mean dry weights of the same cultures and their parallel flasks given 
in Fig. 3. 


pounds together approximately doubled mycelial growth and fruit body 
production. Owing to the absence of a Min, control the results are to be 
compared with growth on Min, in Figure 1, which has exactly the same 
composition. In some other experiments it was also found that the growth 


on unmodified Min, was practically nil and thus not even fruit body rudi- 
ments produced. 


Any special morphological abnormalities was not observed when Ca was 
omitted as found for Phycomyces (Odegard 1952). Treschow (1944) states 
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Figure 5. The influence of MnSOs, ZnSOs, NaCl and CaCl2 on growth in a Ming solution. 


that the good influence of Ca on the mycelial growth of Psalliota bispora 
probably depends on some antagonistic ion effect so that the existence of Ca 
ions enables the mushroom to tolerate rather high concentrations of phos- 
phate, potassium or magnesium ions. Increasing amounts of Ca were thus 
shown by him to counterbalance a high phosphate concentration within 
certain acid pH ranges. A positive influence of Mn, Zn, and Ca was shown 
by Lindeberg (1944), on the growth of some Marasmius species, cultivated 
on a glucose-ammonium tartrate medium. He found that the effect of Ca 
on a glucose-ammonium tartrate medium was mainly due to the antagonistic 
influence of Ca ions on ions other than hydrogen ions. The effect of Ca ions 
is believed to be due to their influence on the permeability of the plasma-. 
membrane. Ca-Mn antagonism was not found by him in these species, the 
Mn therefore probably influences different physiological processes than Ca. 
Zn was by him shown to be an essential element with a direct quantitative 
influence on growth on Marasmius scorodonius. Because of the importance 
of Zn for such enzymes as enolase, peptidase carbonic anhydrase (cf. Foster 
1949) it seems very probable that it is an essential micro nutrient for Col- 
lybia velutipes even if the influence on Pl, medium was not significant 
(Experiment 1 page 577). Also Mn is known to activate many enzymes (see 
Sumner and Somers 1947). The sucrose and asparagine used in »Pl» media 
were as already mentioned (page 579), tested for impurities of Mn and Zn, 
but with negative result. In this experiment the Na and Ca compounds used 
were also checked for Mn and Zn impurities with dithizone. It is hard to 
test if Na is an essential micro-nutrients because of its existance as impurities 
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in other chemicals. In many nutrient solutions commonly used for fungi 
extra additions of Na are made (cf. Fries 1938). The NaCl used in this experi- 
ment (Merck, Darmstadt) has only 0.004 per cent Ca as impurities. The 
slight growth promoting effect of this chemical might, however, depend of 
a combined effect of such small impurities from this and other metals in 
the NaCl, even if it seems not very likely. 

The purpose with the above mentioned experiment with Collybia velutipes 
was, however, not a critical analysis of requirements for micro-nutrients 
which would have necessitated extra methods for control of the purity of the 
chemicals. The experiment was only designed to show the influence of 
separate additions of Mn, Zn, Na, and Ca compounds on growth and if some 
of these compounds might have a large specific influence on the production 
of fruit bodies. The influence on the fruit body production of each com- 
pound was very slight and of the same order for all the four compounds. 


Experiment 5. Influence of pH on the production of fruit bodies. 


The problem in pH experiments is that the pH changes during the run of the 
experiment. Theoretical background for the principles under which a pH experi- 
ment should be arranged can be found in Modess (1941), Lindeberg (1939, 1944), 
L. Fries (1945), Norkrans (1950). According to them this experiment was carried 
out with a weak concentration of an amino acid as only nitrogen source. As basic 
medium Min, was used modified by the substitution of ammonium tartrate by 
asparagine 1 g./litre. Series with different pH ranging from 2—8 in intervals of 
about one pH unit were prepared. The Fe, Zn, Mn, and Ca compounds were 
according to L. Fries (1945, 1953) autoclaved separately and then added to the 
medium. 

The nutrients were dissolved in 400 ml. water, instead of the usual 1000 ml., 
and autoclaved. Two parts of this autoclaved nutrient solution were mixed with 
three parts of an autoclaved solution composed of different combinations of 1/15 M 
solutions of K,PO,, Na,HPO,, KH,PO,, and 1/10 N HCl or NaOH to give the final 
desired pH. The original high phosphate concentration in the basic nutrient solution 
gave a titration diagram very different from that of Lindeberg and Modess. Details 
for the composition of the media are only given for pH 4.0 and 5.0. (The final 
nutrient solution at starting pH 4.0 was composed of 100 ml. basic nutrient solution 
and 148 ml. K,HPO,+2 ml. HCl, and in the case of starting pH 5.1 was composed 
of 100 ml. nutrient media+140 ml. KH,PO,+10 ml. Na,HPO,.) The culture con- 


ditions after pre-treatment as well as the number of parallel series are recorded in 
Figure 6. 


The result of the dry weight values are to be seen in Figure 6. At +20° C 
light the first mature fruit bodies were seen after 34 days, when the first 
harvest were made. The growth at +15° C in dark was than very slight 
and therefore harvesting was done much later (after 63 days). Three parallel 
flasks of each pH were even kept in the +20° C light thermostat the full 
time (63 days). Fruit body rudiments were here produced from starting 


THE PRODUCTION OF FRUIT BODIES IN COLLYBIA VELUTIPES 587 


Dry 
weight 20* Light 24days 20°Dark 24days 25° Dark 24days 15° Dark 63 days 
mg 


150 


+ alll all ı 


start 30 40 51 61 73 81 30 40 51 61 73 81 30 40 51 61 73 81 30 40 51 61 73 81 
end 30 46 51 61 71 77 ,30 48 51 61 71 76, 31 46 51 61 71 76 39 48 58 71 75 


———_— <_< _—_—. o_O m 2 8 (Ee ee 
Total 
number of 2-3 5-6 5-6 3 
cultures 
O mycelium @ fruit body rudiment 
@ fruit body — primordium 


Figure 6. The influence of pH on growth. 


pH 4.0—7.3. Mature fruit bodies had already been produced much earlier in 
all flasks at the same starting pH at +20° C light. The best fruit body 
production was here at pH 5—6. The 63 days old flasks in +20° C light. 
however, were not harvested since most of the fruit bodies at this time were 
over-mature. From Figure 6 it is evident that fruit body development started 
earliest at the lower pH with a starting pH of 4.0 and 5.1 even if total growth 
(mycelium + fruit body) was much better at the higher pH. After 24 days, 
the total growth optimum was at about pH 7. In all cases it seems to be 
clear that fruit bodies can be produced rapidly (24 days after inoculation) 
at a starting pH as low as 4.6. Although the initial pH was 4.0 it is possible 
that fruit body production did not commence until mycelial growth had 
increased the pH. The mycelial growth was still rather good at pH ca. 8. 
The fruit bodies in this experiment are thus produced at a pH lower than 
that used in Experiment 1 where a pH about 5.2 seemed to be limiting. In 
that experiment, however, the composition of the culture media was some- 
what different especially in the quality as well as the quantity of the nitrogen 
source. 

For the most part the results of this experiment have much in common 
with the results obtained by Plunkett, who found that fruit bodies were 
produced within pH ranging from 5.2—7.3. 


Conclusions 


1. A malt agar medium (2.5 per cent malt extract; 2 per cent agar) proved 
to be very suitable for fruit body production. (Malt concentrations from 
20.0—0.5 per cent tested.) The most suitable culture condition tested seemed 


588 KARIN ASCHAN 


to be a pre-treatment period of one week in darkness at +25° C and then 
cultivation at +15° C in light. Fruit bodies were produced 4—5 weeks after 
inoculation. 

2. Synthetic agar medium. Min, with ca. 0.1 mol. glucose and ca. 0.05 mol. 
ammoniumtartrate gave rise to mature fruit bodies. The fruit body yield 
(visually estimated) was not as large as on malt extract medium under 
identical culture conditions. The production of fruit bodies was less regular 
on this substrate and was sometimes retarded. Morphologically the fruit 
bodies differed; being very pale and without the tendency for producing 
dark stipes which was seen on the malt agar media. 


3. Additions of vitamins, nucleic acid constituents, casein hydrolysate or 
yeast extract have been made to the synthetic Min agar medium in different 
concentrations and combinations. Only additions of amino acids had an 
accelerating effect on the fruit body production, but tryptophane or high 
concentrations of casein hydrolysate or yeast extract had a retarding effect 
on the fruit body production. 


4. Comparison between a liquid medium Min, (glucose-ammonium tar- 
trate) and a liquid medium Pl, (sucrose-asparagine). Under some culture 
conditions (pre-treatment and thereafter +15° C in light) the fruit body 
yield was of about the same order for both media. Mature fruit bodies were 
produced earlier on the Min, than on Ply. The total growth (mycelium + fruit 
bodies) was better on Pl, medium than on Min, medium at the higher tem- 
peratures tested (+20° C; +25° C). At +25° C fruit bodies were never 
produced on any of the media. A period of pre-treatment (one week at +25° C 
in darkness) gave on these media larger yields of fruit bodies but the fruit 
bodies were produced later when pre-treated. 


5. The influence of glucose, sucrose and maltose on the production of 
fruit bodies on liquid media containing ammonium tartrate or asparagine 
showed that glucose was better than sucrose, which in turn was better than 
maltose for fruit body production as well as for total growth (Figure 2). 


6. The influence of ammonium tartrate, ammonium chloride, asparagine 
and potassium nitrate on growth and fruit body production proved that the 
nitrogen supplied as nitrate could not be utilised by this strain. Ammonium 
tartrate proved to be the best for fruit body production. Asparagine, when 
added to the substrate to give the same concentration of nitrogen (1.4 g./litre), 
produced mainly mycelial growth. However, the total yields was of the same 
order as with ammonium tartrate. At lower concentrations of ammonium 
chloride and asparagine (0.14 g./litre) smail fruit bodies were produced, but 
the total dry weights was not very high (Figures 3 and 4). 


7. The pH-limits for the fruit body production are rather wide ranging 
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from 4.6—7.1. The largest fruit body yields are obtained between pH 5—6. 
The fruit body production seems to start earlier at pH 5. At pH 3 not even 
mycelial growth was obtained. 


8. Influence of a mixture of Mn, Zn, Na, and Ca compounds proved to be 
large on the glucose-ammonium tartrate media tested but practically none on 
the asparagine-sucrose medium. When additions of all these compounds were 
made to the first mentioned culture medium total growth as well as the 
fruit body production was increased. When the elements were added separately 
approximately half the yield was obtained. Impurities of Mn and Zn could 
not be shown with dithizon test. 

9. Light proved to be necessary for fruit body production, but mature 
fruit bodies have been observed under conditions of very weak light inten- 
sities. 

10. Temperature had a marked influence on the fruit body production. 
At +25° C fruit bodies have never been obtained. Fruit body production 
at +20° C does occur and can be of about the same order as at +15° C, 
but disturbances and total failure to produce fruit bodies in the +20° C 
incubator have often been observed. Probably +20° C is very close to the 
upper limit at which fruit bodies can be obtained and hence the production 
of fruit bodies is at this temperature especially sensitive to small alterations 
in culture condition. The production at +15° C is earlier than at +10° C 
but the yield of fruit bodies tends to be larger when the same stage of 
development have been reach in the latter incubator. 

The influence of external conditions has been studied on the fruit body 
production in Coprinus lagopus by Voderberg 1949. Temperature was found 
to have no great influence on the fruit body production in this species. 

11. The influence of the carbon-nitrogen ratio is well known on the 
perithecie production in Neurospora (Westergaard and Mitchell 1947). Low 
concentrations of asparagine and high concentrations of sucrose was shown 
by Plunkett to be most satisfactory for Collybia velutipes. Since glucose 
(Expt. 2) and ammonium tartrate (Expt. 3) proved to be better than sucrose 
and asparagine when tested in equivalent amounts of carbon and nitrogen. 
Experiments are now going on to find out if other ratios between glucose 
and ammonium tartrate might produce still better fruit body production 
than those used in the Min, medium. 

If ammonium tartrate is used as nitrogen source it seems to be advisable 
to use a pH well above the lower pH limits for fruit body production. The 
influence of total molar concentration of the culture media used ought also 
to be more closely investigated. The investigation with Psalliota bispora by 
Treschow (1944) indicates that this factor might play an important role. 


39 
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Summary 


The influence of different culture media (solid and liquid) has been 
studied on growth and fruit body production in Collybia velutipes. Special 
attention has been given to the influence of different light and temperature 
conditions. Under certain conditions just as good fruit body production has 
been obtained on a synthetic glucose-ammonium tartrate medium as on a 
sucrose-asparagine medium. 


The influence of different carbon sources (glucose, sucrose, maltose) and 
different nitrogen sources (ammonium tartrate, ammonium chloride, aspara- 
gine, potassium nitrate) has been tested. Under the culture conditions used 
glucose and ammonium tartrate proved to be the best metabolites. A pH of 
about 6 gives good fruit body production even if lower pH values might, 
under certain conditions, produce fruit bodies earlier. Fruit body production 
has been observed within the pH ranging from 4.6—-7. Additions of Mn, Zn, 
Na, and Ca compounds have a positive effect on the fruit body production 
when glucose-ammonium tartrate medium is used. Tryptophane and high 
concentrations of casein hydrolysate retarded fruit body production. 
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Steady State versus Equilibrium Thermodynamics in the 
Concept of ”Active” Water Absorption 
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Ever since the first paper by Levitt (1947) concluded that an appreciable 
active absorption of water by living cells is thermodynamically impossible, 
attempts have been made to detect errors in the reasoning used. Bennet- 
Clark (1948) accepted the thermodynamics but objected that too high a value 
was used for permeability. At his suggestion, Myers (1951) attempted to prove 
this objection experimentally, but both the objection and the results were 
shown to be invalid (Levitt 1953). Now Spanner (1954) has come to the 
conclusion that permeability »can vary without the nature of the membrane 
itself having been modified»! As evidence, he offers the »effect of different 
salts on permeability to water». It would be just as reasonable to state that 
the diffusion constant of a substance can vary without the substance changing, 
since by definition (from Fick’s law of diffusion) permeability is solely a 
property of a particular membrane just as diffusion is solely a property of a 
particular substance. When the permeability of a membrane to a substance 
changes, the membrane itself must be changed — e.g. by the incorporation 
of Ca in its very structure. At any rate, the whole point raised by Spanner 
is immaterial and irrelevant, since the permeability of protoplasm to water 
has been measured under a large variety of conditions, and no matter which 
of these measured values is used, the conclusion is the same — viz. the 
amount of energy needed to maintain negative activity gradients for water 
is too large to be supplied by the cell. 

But the main point to Spanner’s paper is his attempt to show that »thermo- 
dynamics alone imposes no limitation whatever on the energy required to 


[592] 


STEADY STATE VERSUS EQUILIBRIUM THERMODYNAMICS 593 


actively sustain turgor pressure beyond the simple one that its amount is 
greater than zero»! Yet he earlier states that »the distinction between ‘active’ 
(absorption) and ‘passive’ (absorption) depends on whether or not the move- 
ment necessarily contributes to an increase of the entropy of the system». 
In other words, these two statements taken together lead to the conclusion 
that the energy change is independent of the amount of water absorbed 
actively! 

His whole argument is based on a failure to recognize that we are dealing 
with the steady state thermodynamics of open systems (von Bertalanffy 
1950). This was the basis of the calculations made by Levitt (1947). For if 
water can be actively absorbed by a cell, a steady state must be set up between 
the diffusion of water out of the cell and the active absorption of water into 
the cell, and a constant expenditure of energy is needed to maintain this 
steady state. 

Spanner (1954), however, counters with an equation taken from a paper 
on »The thermodynamics of irreversible processes». This equation enables 
the calculation of an energy change when a gradient disappears (e.g. due to 
diffusion). It cannot possibly be used to calculate the continuous expenditure 
of energy needed to maintain a steady state gradient. 

Yet he applies this equation »for the steady state in which the flow of 
water has ceased, i.e. for Jw=0.» His statement would be correct if the word 
»steady» were replaced by »equilibrium». In other words he is simply dealing 
with the condition when the activities of the water inside and outside the 
cell are equal. This is obvious from his equation (4). According to this equa- 
tion, if a cell is permeable to water but not to the solutes (as is frequently 
true), when the flow of water Jw=0 the energy change is zero. This is 
obviously an equilibrium condition and not a steady state, since a steady 
state by definition requires the expenditure of energy. 

Instead of assuming zero flow of equilibrium conditions (as Spanner does), 
Levitt (1947) assumed equal flow in opposite directions producing the steady 
state — such as in a leaking sieve that is kept full by water pouring into the 
top as rapidly as it leaks from the bottom. Calculation of the energy expendi- 
ture due to the exit-flow would therefore also give the energy expenditure 
due to the entrance-flow. It is not surprising therefore, that Spanner found 
distinct differences between the equation he adopted and the one used by 
Levitt (though he made no attempt to explain the differences). 

Since this equation has no bearing on the problem of the steady state 
thermodynamics of active water absorption, there is no need to analyse 
Spanner’s use of it. However, it might be as well to point out that since he 
is dealing with activity differences, his use of turgor pressure in this con- 
nection is completely erroneous, both for solvent and solute. This is obvious 
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from his reference to the »energy expended by the system in maintaining 
the turgor pressure . . . whatever the mechanism (osmotic, electrosmotic, 
etc.) ». Equilibrium turgor pressures can, of course, be maintained indefinitely 
even in non-living systems without the expenditure of energy. It is also 
conceivable that, if active absorption occurred, it could exist in a cell without 
turgor pressure. 
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When tubers are stored at 3° C. from September on, and individuals 
removed at monthly intervals to 26° C. for 10 days, the proteins increase 
by 10—40 per cent (Levitt 1952). But this occurs only during the first 
3—4 months when the tubers are still in their rest period, as shown by lack 
of sprouting during the 10-day treatment at 26° C. This synthesis was 
observed in three successive years. From January on, however, larger and 
larger sprouts form during the 10-day period at 26° C., with little or no net 
protein synthesis in the tubers. In fact, after 9—11 months’ storage at 
3° C., if transferred to 26° C. for 10 days, there is a decrease in protein 
content of 9—13 per cent. These are true changes in protein content and 
not accounted for by a reverse change in the non-protein components. 

In the above experiments, the tubers that showed the protein increases 
had been kept at 26° C. in diffuse light, whereas those kept at 3° C. were in 
the dark. In order to determine whether the light factor was inv®lved, tubers 
were divided into three parts, one third left at 3° C., a second third at 26. 
in diffuse light, the remaining third at 26° C. in the dark (Table 1, 1952 
results). The experiment was repeated the following year using halves of 
different tubers. In all cases, the protein increase occurred both in the dark 
and in the light, though it was greater in the light. These results were 
obtained using the improved method 2 (the centrifuge method) for preparing 
the proteins; the earlier published results used method 1 (see Levitt 1952). 
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Table 1. Protein synthesis by tubers in their rest period (as per cent dry matter) on 
transfer from 3° C to 26° C for 10 days in diffuse light vs. dark. 


| | 26°°C | 
Date ae (CG Soe = =. ae 
| Dark | 0/0 Increase | Diffuse light | 0/, Increase 
| | 

| None ee a 1.7 3.355 9.5 
| Deco te 3.474 | 3.822 10.0 | 4.052 17.0 | 
Dee 2.791 3.049 9.0 | { 

| 80387 | | 3.465 | 12.2 


The changes that occur during the actual storage at 3° C. were not so 
apparent (locus cit. Table 5). Two years’ results showed a pronounced in- 
crease in proteins, the third a slight drop. One difficulty is the fact that 
different tubers were compared in these cases, whereas corresponding halves 
of tubers were used when the two temperatures were compared. Thus the 
error due to variability from tuber to tuber was avoided in the two-tempera- 
lure experiment. Results during continuous storage at 3° C. for two more 
years, using the newer improved method are given in Table 2. A definite 
increase occurred in both years, though this was more pronounced in 1952 
and the subsequent decrease did not occur until January; in 1953 it occurred 
in December. Thus in five successive yearly runs, four showed an increase 
in total proteins during emergence from the rest period at 3° C. From both 
sets of results it can be concluded that protein synthesis is associated with 
emergence from the rest period, whether this occurs solely at 3° C, or is 
followed by 10 days at 26° C. 

The exception may possibly mean that some protein fractions always 
increase, other always decrease, and sometimes one sometimes the other 
change may prevail. Evidence of this has already been produced, for in 
spite of the overall increase in proteins during the 10 days at 26° C, it was 
previously shown that the particulates always decrease (Levitt 1952, 1953) 
whether or not the tuber is in the rest period. In contrast to this decrease, 
Table 3 shows that the particulates increase during storage at 3° C. In 


Table 2. Protein contents (per cent of dry matter) during storage at 3° C. Each value 
an average of 2 determinations, except where marked with *. 


Date | 1952 1953 
September)... ne ee 2.606 2.730 | 
OCoBEer TS NE PRE Le 3.182 | 2.821 
November fete 3.064* | 2.978 | 
December, SR er 3.474 2.790 
JAQUATY SE PAR NPA 2.962 | 
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Table 3. Changes in quantity of potato tuber particulates (as per cent of dry matter) 
during emergence from the rest period at 3° C. 


| Date Mitochondria Microsomes 
DS tember RL dde en nee HER TE 0.103 
0.133 0.105 | 
| | LE a Be des ts WN pT 0.117 
| 0.134 0.101 
| 0.144 90112 
| De Pr Oe ae Mere teas SSE ay cA ta abe ae 0.135 | 0.108 
| Confidence limits at 5 0/0 level .............. . ...... + 0.005 
| Confidence limits at 1 0,0 level............. | + 0.014 | 
SYS) SERRE ECO PR RE 0.166 | 0.157 | 
0.167 | 0.154 | 
BEI Freenet. 0.115 70.133 
0.190 0.147 
(ANSE Re Mot 2 TRS i I Ac a Pg mE 0.160 OS 
I Contidence limits at 3 Yo level "1.1... 21 + 0.016 
| Confidence limits at 1 %0 level... | + 0.029 
ENoxvember 95... ce ; BSS Sena 0.164 0.151 
0.136 0.164 
Gt gt 0 174 0.166 | 
| 0.200 0.167 | 
| PO ne RER RN 0.169 016201 
Gonfideneezimits at 5 8/0 leyel 2.1... + 0.012 
Confidence limits at 1 00 level....... eee eke + 0.022 


the case of the microsomes, the month to month increase is statistically 
significant. The greater variability of the mitochondria (probably due to 
unavoidable inclusion of small amounts of plastids) precludes. statistical 
treatment with so few results. 

When the three protein fractions are compared, however, no generalization 
can be made (Table 4). With the exception of the December 1952 results, 
the acid insoluble fraction showed no significant change over the two-year 
period. The globulins showed the greatest fluctuations resulting in a net 


Table 4. Changes in quantity of protein fractions of potato tubers (as per cent dry matter) 
during emergence from the rest period at 3° C. Each value an average of two determina- 
tions except where starred. 


| Acid-insoluble proteins globulins albumins 
Date = Jat = —— 
| 1952 | 1953 1952 1953 1952 1953 
| | 
Sept... 0.440 | 0.493 0.833 0.853 1.092 1.138 
- Oct | 0.473 | 0.486 0.887 0.698 1.471 1.350 
Nov | 0.496 | 0.515 0.654* 0.514 1.581* 1.575 
Dec 0.617 | 0.522 1.019 ON 1.525 1.250 
VEINS coo | 0.446 0.837* 1.253 
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Table 5. Albumins as per cent of total proteins in tubers stored at 3° C. 


Date 1950 1951 
SI EL ass 25.5 26.0 
Oct: 26.7 21.0 
Nov 31.0 2172 
Dec 33.6 25.8 
JA 260008 28.2 Mist 


drop during the rest period. The most striking total as well as proportional 
change, however, was in the albumins. These increased markedly and con- 
sistently by about 50 per cent during both years as the tubers emerged from 
their rest period — a much greater proportional change than the overall 
increase in total proteins. Earlier results by the older method (Levitt 1952) 
showed this clearly even in the one year (1951) when total proteins did not 
increase (Table 5), though in this case there was a preliminary drop. It 
seems logical to suggest, then, that when little or no increase in total proteins 
occurred at 3° C during emergence from the rest period, it was because the 
increase in albumins was counteracted by the decrease in globulins. The 
particulates occupy such a small fraction of the total that their decrease 
has a negligible overall effect. 


The rise in total protein during the 10-day treatment at 26° C is also 
mainly due to the albumins (Table 6). As in the case of the total protein, 
which fails to show any appreciable increase during the 10-day treatment 
at 26° C after emergence from the rest period (ie. after January 1) the 
albumins also fail to show any after this period (Levitt 1952). 


Table 6. Changes in quantity of protein fractions of potato tubers (as per cent of dry 
matter) resulting from 10-day treatment at 26° C. Each value an average of two deter- 
minations except where starred. 


Sr acid-insoluble proteins globulins albumins 
ate = 2 

3° C AG? € 3°"C 2626 8 € 26° C 
Ye Vo2en 0.473 0.466 0.887 0.939 1.471 1.521 
1953. 0.486 0.520 0.698 0.462 1.350 1.468 
NON S2 EP RE 0.496 0.519* 0.654* 0.1398 1.581* 1.600* 
1953 nennen. 0.515 0.566 0.514 0.606 1.575 1.780 
Dec 1952 nenn 0.617 0.596 1.019 ss 1.525 1159 
LOS) 0.527 0.538 0.711 0.695 1.250 1.516 
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Discussion 


It seems paradoxical that the 10-day transfer from 3° C to 26° C should 
cause protein synthesis only when no growth occurs. One might expect the 
opposite. Of course, the tubers were peeled and the sprouts discarded. How- 
ever, the total weight of the sprouts (fresh weight never more than 0.1 gm.) 
was not large enough to account for any appreciable amount of total protein. 
Consideration of the individual fractions throws some light on the problem. 
In all cases, the particulates actually decreased during the 10-day treatment, 
whether or not the tubers sprouted. The increase in the case of the resting 
tubers was all or nearly all due to the albumins. A marked surge in albumin 
synthesis precedes breaking of the rest period, and by the time the rest is 
broken the albumins have decreased again. Just what role this series of 
changes plays is difficult to explain, but unlike the opposite change in 
particulates, it seems definitely related to breaking of the rest period. 


Summary 


During emergence from the rest period there is a pronounced increase in 
total protein content of potato tubers. This occurs steadily over the period 
from September to December at 3° C and is enhanced by a 10-day transfer 
to 26° C. The latter increase is more pronounced in the light than in the 
dark. The albumin fraction is mainly, if not sdlely, responsible for this 
increase in total protein. After the rest period is over, both the total proteins 
and the albumins decrease again and fail to show any consistent increase 
at 26° C. After 11 months’ storage, in fact, a decrease occurs at 26 (Ge The 
particulates increase at 3° C during the rest period, but they always decrease 
when transferred to 26° C for 10 days, whether the tubers are still in the 
rest period or not. 


This investigation was supported by the United States Office of Naval Research, 
under Contract N9 onr 91,300, and by a grant from the University of Missouri 
Research Council for the purchase of the high-speed centrifuge. 
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Little is known about cytoplasmic particles, other than chloroplasts, in 
photosynthetic tissues. In non-green portions of higher plants mitochondria 
have recently been shown (10) to contain, as in animal cells, the complement 
of enzymes necessary for the aerobic oxidation of pyruvate. In photosynthetic 
tissues, however, there is no agreement among cytologists (cf. 11, 13) about 
the identity of mitochondria or of other cytological particles distinct from 
chloroplasts. Significant support for the existence of functional non-chloro- 
plastic cytoplasmic particles comes from the localization of enzyme systems 
in green cells in particulate bodies other than chloroplasts. Thus McClendon 
(8) has recently presented evidence for the localiaztion of the cytochrome 
oxidase of green leaves in particles smaller than chloroplasts, presumed to 
be mitochondria. 

Investigations of the enzymatic activities of isolated cellular particles from 
photosynthetic tissues have been largely confined to chloroplasts. The extra- 
cellular reactions of chloroplasts have, for the most part, been investigated 
with reference to the photolytic cleavage of water. Since the interrelation 
between photosynthesis and respiration is receiving increasing attention, it 
is apparent that the dark metabolism of chloroplasts and other cytoplasmic 
particles from photosynthetic tissues is also worthy of systematic study. 

This paper reports results of experiments on the gas exchange carried 
out in the dark by the same chloroplast fragment preparations, which, when 
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illuminated in the presence of quinone and other oxidants, catalyze the 
photolysis of water with a stoichiometric evolution of oxygen (3). In the 
dark these chloroplast fragments were found to give a marked oxygen uptake 
and a slight carbon dioxide evolution. This gas exchange, particularly the 
CO, evolution, was greatly increased by the addition of a boiled extract of 
the cytoplasmic fluid. The respiration-like activity appeared to be enzymatic 
in nature: it was completely destroyed by boiling and was sensitive to a 
number of well-known enzyme inhibitors (4,2). Evidence is presented that 
the enzyme system responsible for this endogenous respiration-like activity 
of chloroplast fragments in the dark is localized not in the chloroplasts 
proper but in smaller cytoplasmic particles, which become associated with 
the chloroplast fragment fraction when the latter is prepared by centrifugal 
separation (3). 


Methods 


Leaves of sugar beet (Beta vulgaris) were grown in nutrient solution in a green- 
house (3). Chloroplast fragments from leaves ground in water were prepared by 
centrifugation in the cold for 20 minutes at 18,000 g (3). The clear supernatant was 
collected and, as previously, was designated »cytoplasmic fluid» (3). The chloroplast 
fragments were suspended in a small volume of glass distilled water. Chlorophyll 
was determined for each preparation (1). Unless noted otherwise, an aliquot 
containing 1 mg. chlorophyll (a+b) was used in each test, so that the results of 
different experiments could be compared. 

Oxygen uptake and carbon dioxide production in the dark were measured at 
the same time by the direct two-vessel method of Warburg (12); carbon dioxide 
was absorbed from one of a pair of conical vessels of approximately 15 ml. 
capacity by having 10 per cent KOH in the center well. Similar values for the gas 
exchanges were obtained with the indirect two-vessel method of Warburg (12), 
employing pairs of vessels of markedly different gas volumes but with identical 
liquid contents. Since the two methods gave similar results the simpler direct method 
was employed routinely. All manometric measurements were made in the dark 
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Results 


Gas exchange in the dark by chloroplast fragments 


A crude unwashed preparation of chloroplast fragments showed a con- 
siderable oxygen uptake and carbon dioxide production at pH5, without the 
addition of any substrate. If the particles were washed with glass distilled 
water and sedimented again by centrifugation for 20 minutes at 18,000 xg 
the rate of gas exchange decreased; in particular, the rate of carbon dioxide 
evolution diminished. As shown in Table 1, one or two washings were suffi- 
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Table 1. Effect of washing on endogenous carbon dioxide evolution and oxygen uptake 
by chloroplast fragments. 


Microliters gas per mg. chlorophyll 
| Preparation 16 minutes | 32 minutes 
| Oo. Sco: | Be: CO, 
| Unwashed particles zer ren | — 45 | = 117 — [8 ae 36 
WeWashed Once. ee en. — 34 +49 — 53 +17 
| asc TGS ses à 656656208486 Jeanne — 27 | +12 | — 45 + 18 


cient to reduce markedly the endogenous gas exchanges. Dialysis of un- 
washed particles overnight against 1 per cent KCl gave almost no additional 
lowering of the rates observed after two washings. 

The addition to the chloroplast fragments (either washed or unwashed) 
of a little of the cytoplasmic fluid caused a small enhancement of the rate 
of oxygen uptake but a marked increase in the rate of carbon dioxide 
evolution. A similar effect was also observed from adding the filtrate of the 
cyptoplasmic fluid after it was first boiled to coagulate the proteins. Figure 1 
shows the effect of adding boiled cytoplasmic fluid to the washed chloro- 
plast fragments. The results indicated that the cytoplasmic fluid contained 
a heat-stable substrate responsible for the gas exchanges of the chloroplast 
fragments. Very little stimulation was observed if a portion of the washed 
chloroplast fragments suspension was heated and added to unheated particles. 
The cytoplasmic fluid or its boiled extract was therefore used in most sub- 
sequent experiments as the substrate for the gas exchange in the dark. 

The enzymatic nature of the gas exchange was indicated by the complete 
ioss of activity which followed heating of the particles for 2 minutes at 100° C. 


OR Tan ne a ni 
100 0, UPTAKE & ot Lioo CO, EVOLUTION 
ES G+S = 
ah s 1-80 ne” 1 
[ a 
60 60 Va 
° i te we Figure 1. Oxygen uptake and 
Sol pa 54 carbon dioxide evolution by 
’ 7 we unwashed chloroplast frag- 
WA er ments (G) in the dark, with 
Er 2 wo. and without the addition of 
ee a boiled cytoplasmic ex- 
ae 2 BIS nl 32 DE 


MINUTES MINUTES 
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I00- 


Figure 2. Effect of pH on oxygen uptake and 
carbon dioxide evolution by chloroplast frag- 
ments in the dark. Boiled cytoplasmic extract 
was added as substrate. Results are expressed 


as mm? of gas per 32 minutes. 


Both the endogenous gas exchange and the additional activity observed with 
the cytoplasmic fluid were destroyed on heating. 

The addition to the chloroplast fragments of one of the following: glucose, 
Krebs cycle intermediates, diphosphopyridine nucleotide, triphosphopyridine 
nucleotide, adenosine triphosphate (ATP) or cocarboxylase, produced no 
enhancement of the gas exchange. 


pH Dependence 


The gas exchange catalyzed by the leaf particles was found to be dependent 
on the pH of the medium. Both CO, evolution and O, uptake showed distinct 
maxima about pH 5, the optimum pH for the 0, uptake being slightly more 
acid. The pH optimum was determined using acetate buffers over the range 
4.1—5.8 and phosphate buffers from 5.6—7.0, and also, over the complete 
range 3.7—7.0, with citrate-phosphate buffer mixtures prepared according 
to Mcllvaine (9). The retention of CO, was checked by adding acid to control 
vessels at the start and the end of the reaction and was found to be small. 

Figure 2 shows the pH dependence of the gas exchanges in the citrate- 
phosphate buffer. A similar pH dependence was obtained with the acetate 
and phosphate buffers. The rates of gas exchange were sensitive to the 
buffers used, the citrate-phosphate mixture giving lower rates than the acetate 
buffer at the same pH, although the optimum pH remained the same. 
Accordingly, acetate buffer at pH 5 was selected for most of the experiments 


reported here. 
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A number of substances were tested as inhibitors of the gas exchanges 
catalyzed by chloroplast fragments. 

Inhibitors which inhibited the gas exchanges in a characteristic fashion 
were iodoacetamide, 2: 6 dinitrophenol, diethyldithiocarbamate and fluoride. 
2,4 Dinitrophenol at higher concentrations gave an inhibition similar to 
2,6 dinitrophenol. These inhibitors depressed the rate of carbon dioxide evolu- 
tion very markedly, whilst having a much smaller effect in depressing the 
oxygen uptake. This phenomenon is shown clearly in Figures 3, 4, 5, and 6, 
where the effects of different concentrations of these inhibitors on oxygen 
and CO, exchange are indicated. 

With sodium azide and hydroxylamine there was a similar tendency to 
affect the CO, evolution more than the O, uptake, but the effect was not as 
striking as with the four inhibitors already mentioned. Relatively high con- 
centrations of azide (510-3 M) and hydroxylamine (2X10 3 M) were 
needed to produce appreciable inhibitions. Potassium cyanide gave results 
which were extremely variable; in many experiments 10-3 M cyanide de- 
pressed the oxygen uptake and CO, evolution to the same extent; in others 
the CO, evolution appeared more easily affected. Consistent results were not 
obtained. 

No inhibition was observed with rather high concentrations of o-phenan- 
throline (107° M, final concentration), arsenate (10? M), malonate (10-2 M), 
thioglycolic acid (2X10? M) and thiourea (210-3 M). 


Relative inhibition of oxygen uptake and carbon dioxide evolution 


The explanation of the marked effect of inhibitors on CO, evolution as 
contrasted with the relatively small depression of oxygen uptake, shown 
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in Figures 3, 4, 5, and 6, became apparent with the identification of oxalate 
as the substrate contained in the boiled cytoplasmic fluid (6). The enzyme 
system responsible for the oxidative decarboxylation of oxalate by chloro- 
plast fragments was found to consist of two enzymes; an oxalic acid oxidase 
and catalase. The oxidative decarboxylation of oxalate results in a CO,/O, 
ratio of 4:1. Table 2 shows that this ratio was obtained, within limits of 
experimental error, with inhibited and uninhibited chloroplast fragments. 
Thus the previously observed large inhibition of the CO, evolution and the 
small depression of oxygen uptake resulted from the inhibition of the oxalic 
acid oxidase. Similar results were obtained when a boiled extract of the cyto- 
plasmic fluid was used in place of authentic oxalate. The values given in 
Table 2 were, unlike those in Figures 3, 4, 5, and 6, corrected for the en- 
dogenous gas exchange of chloroplast fragments in the absence of added 


substrate. 
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Figure 5. Effect of diethyl- 
dithiocarbamate (DDC) on 
oxygen uptake and carbon 
dioxide evolution by chloro- 
plast fragments in the dark. 
Other conditions as in Fi- 
gure 2. 
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Table 2. Effect of inhibitors on oxidative decarboxylation of oxalate. 


TS 
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Net CO,2| Net 0,2 Per cent inhibition 
Inhibitor | evolved | absorbed | CO,/O, CO: À 
mm. mms, evolved | absorbed 
2 EP EEE] 
Control. ee ep safe 298 79 3.8 0 0 
2:6 Dinitrophenol (10-4M) ............ 162 42 3.9 46 47 
Diethyldithiocarbamate (10-3M) ...... 159 47 3.4 46 41 
Sodium) fluoride (10 2Min 133 36 3.7 55 54 


1 Microliters gas per 0.75 mg. chlorophyll per 24 minutes, following the addition of 
20 micromoles of oxalate. t=25° C. 
2 Corrected for gas exchange in the absence of added oxalate. 


Is the oxalic acid oxidase system localized in the chloroplasts? 


The preparations of chloroplast fragments used as the source of the oxalic 
acid oxidase system were not cytologically pure. They contained cellular 
particles which were sedimented by a 20 minute centrifugation at 25,000 Xg, 
after the preliminary removal of intact chloroplasts (1). The chloroplast 
fragments preparations contained all of the broken chloroplasts remaining 
in suspension after the removal of intact chloroplasts, as evidenced by the 
presence of no more than a trace of chlorophyll in the remaining supernatant 
fluid (3). However, these preparations also included other cytoplasmic 
particles comparable in size to or smaller than broken chloroplasts. In terms 
of another preparative procedure our preparations of chloroplast fragments 
corresponded probably to the C, and C, green sediments of McClendon (8). 


The oxalate oxidase cuzyme activity was proportional to the chlorophyll 
content of the chloroplast fragments preparations. Since all the chlorophyll 
is derived from chloroplasts it might have been concluded that the enzyme 
system was localized in the chloroplasts. However, no rigid evidence was 
available in support of such a conclusion. This conclusion was therefore 
tested by comparing the activity of whole and broken chloroplasts. If the 
oxalate oxidase enzyme system was localized in chloroplasts, activity should 
have been demonstrable in both types of particles. 


Whole chloroplasts were prepared from sugar beet leaves by gentle grind- 
ing in cold 0.5 M. sucrose, either in a mortar and pestle or in a Waring 
Blender run at slow speeds. Centrifugation at 1000 g for 10 minutes gave a 
sediment consisting chiefly of whole chloroplasts as shown by microscopic 
examination. The few broken particles which accompanied the chloroplast 
fraction were largely removed by resuspending in 0.5 M sucrose and sedi- 
menting as before. The activity of washed whole chloroplasts was compared 
on a chlorophyll basis with that of chloroplast fragments, prepared as pre- 
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viously described except that they were suspended in 0.5 M sucrose to make 
them comparable with the whole chloroplasts. 

The results given in Figure 7 show that whole chloroplasts, unlike chloro- 
plast fragments, possessed no oxalate oxidase activity. It appears, therefore, 
that the oxalate oxidase enzyme system is localized not in chloroplasts but 
in smaller cytoplasmic particles, of a size which was sedimented by the same 
gravitational force as chloroplast fragments. It appears that the preparations 
of chloroplast fragments used in our experiments contained diverse cyto- 
plasmic particles. The heterogeneity of the preparations is also suggested by 
the fact that they exhibited a higher endogenous respiration than the whole 
chloroplasts (Figure 7). 

The absence of the oxalate oxidase enzyme system from chloroplasts was 
tested in another way. Whole chloroplasts prepared in 0.5 M sucrose as 
described above, were partly broken either by grinding in the cold with sand, 
or by homogenizing in glass-distilled water. The broken chloroplasts showed 
the same low endogenous gas exchange as whole chloroplasts and this low 
activity was not increased by the addition of oxalate. This experiment, 
although supporting the previous conclusion, cannot perhaps be regarded as 
decisive. It is possible that in breaking the once isolated chloroplasts, a 
newly released oxalic oxidase enzyme might be inactivated. This possibility, 
however, is rendered unlikely by the observed high degree of stability of 
the oxalate oxidase enzyme prepared by the standard technique. 


Isolation of a particulate fraction by ultracentrifugation 


The supernatant fluid remaining after the removal of the chloroplast 
fragments fraction was centrifuged in the cold on a Spinco Model L centrifuge 
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at 120,000 Xg for 15 minutes. A small green pellet was obtained which was 
composed of small particles just visible with a high-power microscope 
objective. The pellet, when suspended in 0.5 M sucrose, gave a very rapid 
endogenous oxygen uptake without any carbon dioxide production. The 
addition of oxalate was virtually without effect on either oxygen consumption 
or carbon dioxide evolution. 


Discussion 


The respiration-like activity of the chloroplast fragments was shown to 
be largely due to the oxidation of oxalate by an enzyme contained in 
association with chloroplast fragments. The properties of this enzyme system 
are dealt with in the companion paper (6). Of special interest in this study 
was the evidence obtained concerning the nature of the cytoplasmic particles 
in the leaf. Three particulate fractions were prepared by differential centri- 
fugation and were characterized by their contents of the oxalic acid oxidase 
system: whole chloroplasts, which had little oxalic oxidase activity; a chloro- 
plast fragments fraction, with which almost all the oxalic oxidase was 
associated; and a fraction of very small particles prepared on the ultra- 
centrifuge, which had no oxalic oxidase at all. 

It would seem attractive, by analogy with other tissues, to designate the 
three particulate fractions isolated from leaves as chloroplasts, mitochondria 
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and microsomes (the chloroplast fragments fraction would then be a mixture 
of broken chloroplasts and mitochondria). However, in the present state 
of uncertainty concerning the identity and function of cytological particles 
in green cells (11, 13) the use of these designations would seem to be pre- 
mature. Our experiments demonstrate, however, as do those of McClendon 
(8), the presence in photosynthetic cells of functional cytoplasmic particles, 
smaller in size than whole chloroplasts. Although their cytological identity 
is as yet uncertain, it seems possible to characterize them at present on the 
basis of their enzymic composition. In the work reported here, the oxalic 
acid oxidase system seems to be associated with particles which, judging 
from their sedimentation properties, correspond in size to mitochondria in 
non-green plant cells (10). 

Current concepts of the role of mitochondria in higher plants (10) seem 
to parallel those developed for animal tissues. This analogy appears valid, 
for non-photosynthetic cells in the light of evidence now available. In such 
non-green plant cells mitochondria appear, as in animal cells, to be re- 
sponsible for the transfer during respiration of most of the chemical energy 
of the respiratory substrates to the energy of the phosphate linkages of ATP, 
which can then be used for synthetic purposes in the dark. Special problems 
arise, however, if it is assumed (a) that ATP is also involved in the synthetic 
reactions of photosynthesis and (b) that the synthesis of ATP in green cells 
is catalyzed by enzymes contained in cytoplasmic particles, other than chloro- 
plasts, and presumed to be mitochondria. It is not uncommon, in actively 
photosynthesizing cells, for the rate of photosynthesis to be fifty times greater 
than that of respiration in the dark. If the synthesis of ATP were considered 
to be carried out by mitochondria, it would be expected that these particles 
would be abundant in the cytoplasm of green cells. For this there is no 
evidence, cytological or otherwise. The cytoplasmic particles present in the 
greatest abundance in green cells are chloroplasts. Their capacity for ATP 
synthesis poses a challenging problem for investigation. 

The dark metabolism of chloroplasts or of other cellular particles from 
green leaves has not been studied extensively. It is difficult to compare our 
experiments with other studies of the dark reactions because of the different 
techniques employed or the different objectives sought. Laties (7) described 
a cyanide-insensitive oxygen uptake by spinach chloroplasts. The activity, 
unlike that in our system, was present in whole chloroplasts as well as in 
chloroplast fragments, and was resistant to inhibition by sodium fluoride 
and iodoacetate at concentrations which gave marked inhibition of our oxalic 
acid oxidase system. The spinach system was similar to that described here 
in its pH response and in the activating effect of a boiled filtrate on oxygen 
uptake by chloroplasts. However, no data for CO, evolution were given which 
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permit direct comparison with the experiments reported here. Clendenning 
and Gorham (5) studied the dark reactions of chloroplasts in the presence 
of reagents used for the measurement of photolytic oxygen evolution, but 
their experiments do not appear to bear directly on the data reported here. 


Summary 


1. Chloroplast fragments in the dark when supplemented with a boiled 
leaf extract were found to catalyse a marked evolution of CO, and a 
smaller uptake of Oy. 

2. The system was inhibited by iodoacetamide, 2:6 dinitro-phenol, 2:4 
dinitrophenol, diethyldithiocarbamate and fluoride. 

3. The inhibition of the gas exchanges was found to fit the stoichiometry 
for the oxidation of oxalate (6). 

4. Oxalic acid oxidase was found in non-chloroplast cytoplasmic particles 
associated with chloroplast fragments. The enzyme was not found in 
whole chloroplasts nor in minute non-chloroplast particles separated 
from the other two fractions by ultra centrifugation (140,000 Xg). 

5. The bearing of these results on the identity of cytoplasmic particles 
other than chloroplasts in green cells is discussed. 
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Introduction 


A particulate fraction termed »chloroplast fragments» has been isolated 
from green leaves. As previously reported (4, 5) this fraction was found to 
include non-chloroplast particles which, in the dark, catalyzed an endogenous 
oxygen uptake and a slight CO, evolution. This gas exchange, particularly 
the CO, evolution, was greatly increased by the addition of a boiled extract 
of the leaf cytoplasmic fluid (4,5). This paper presents evidence that the 
active component of the boiled extract is oxalate. Oxalate was identified as 
the substrate for an enzyme system contained in the particles. The oxidative 
decarboxylation of oxalate was found to proceed in accordance with equa- 
lions 1 and 2. The over-all reaction is represented by Equation 3. 


il, CO; 002 COLE O0 
2s 21.0, 11.0 +1/20, 


Sum: 3. H,C,0,+4/20,— 2 CO;-+4H,O 


Methods 


The boiled cytoplasmic fluid, henceforth referred to as the boiled extract, was 
prepared as described elsewhere (2,5). The fraction designated »chloroplast frag- 
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ments», which was used as a source of the enzyme, was prepared (3) from large 
leaves of sugar beet plants (Beta vulgaris var. Great Western 381) grown in a 
greenhouse in a nutrient solution of the composition previously used (2). Evidence 
has been presented elsewhere (5) for the conclusion that the enzyme system under 
investigation is not found in intact chloroplasts although it resides in particles 
which are sedimented, by high-speed centrifugation, together with chloroplast 
fragments. Nevertheless, since the different preparations of »chloroplast fragments» 
used as the source of the enzyme were fairly uniform, it was found convenient to 
express the enzyme concentration in different experiments in terms of chlorophyll 
content (2), on the assumption that the ratio of chloroplast to non-chloroplast 
particles did not vary significantly. The leaves were macerated in a Waring Blender 
or in a Vita-juicer (3). In many experiments the procedure for the preparation 
of »chloroplast fragments» (2) was modified as follows: 

(a) To the supernatant fluid from the centrifugation for one-minute at low- 
speed (2), sucrose was added to give a final concentration of 0.5 M and the fluid 
was frozen and stored at —50° C. It was thawed just prior to use and the »chloro- 
plast fragments» were separated by centrifuging in the cold at 25,000 g. The super- 
natant fluid was discarded and the residue was washed, suspended in glass-distilled 
water, and sedimented again by centrifugation. The washing, suspending, and centri- 
fuging procedure was repeated three times. After the final sedimentation the 
»chloroplast fragments» were suspended in glass-distilled water, and used as the 
source of the enzyme. 

(b) A large batch of washed »chloroplast fragments» was prepared as described 
in (a) above. After the final sedimentation the fragments were suspended in 0.25 M 
sucrose, frozen, and stored at —50° C. The suspension was thawed out and used 
as a source of enzyme without the removal of sucrose. The amount of sucrose con- 
tained in the preparation had been found not to have any effect on the activity 
of the enzyme. 

The enzyme preparation was found to give the same results whether prepared 
fresh before use or after storage at —50° C. The frozen preparations retained 
their activity for at least several months. 

The catalase used in some of these experiments was a crystalline preparation 
made from beef liver by the method of Tauber and Petit (20), and kindly supplied 
to us by Dr. A. B. Pardee. The enzyme was recrystallized before use yielding a 
preparation with a Kat. f. of 24,000 (11). The oxygen uptake and CO, evolution 
were, except as noted below, measured manometrically by the Warburg »direct» 
two-vessel method, in which the CO, produced in one of the pair is absorbed by 


alkali. 


Results 


Effect of citrate buffer 


In previous experiments (5) sodium acetate buffer at pH 5 was used 
in measuring the gas exchange in the dark. It was found in this study that 
the replacement of acetate by citrate buffer at pH 5 gave a markedly higher 
rate of CO, evolution and oxygen uptake. A comparison of the effects of 
citrate and acetate buffers on CO, evolution is shown in Figure 1. In citrate 
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Figure 1. A comparison of the evolution of CO2 by a leaf particulate fraction in citrate 
and acetate buffers at pH 5. Each vessel had an enzyme preparation containing 0.94 mg. 
chlorophyll, 15 micromoles of magnesium sulfate and 0.017 ml. of boiled extract as sub- 
strate. 0.2 ml. of 10 °/o KOH was added to one of each pair of vessels. 200 micromoles 
of sodium acetate or 20 micromoles of potassium citrate was supplied as buffer. Final 
volume 3.0 ml. Reaction started by tipping leaf particles from sidearm of vessel. 


Figure 2. COs evolution by a leaf particulate fraction following the addition of varying 
amounts of boiled extract. Other conditions same as in legend of Figure 1 with citrate buffer. 


buffer, the evolution of carbon dioxide after adding the boiled extract was 
almost completed after one hour and approximated the total carbon dioxide 
evolved in acetate buffer after several hours. Thus, the use of citrate buffer 
offered an obvious advantage and was adopted in all subsequent experiments. 


Effects of varying amounts of cytoplasmic fluid 


Figure 2 shows that the increase in CO, evolution resulting from the 
addition of the boiled extract was proportional to the amount added. A 
similar effect was also found with oxygen uptake. These observations in- 
dicated that the boiled extract contained a substrate for the oxidative 
decarboxylation catalyzed by the enzyme preparation. The boiled extract 
used in the experiments represented in Figure 2 was that obtained after 
macerating fresh leaves in a Vita-juicer (3), without the addition of buffer 
or other extracting fluid. The boiled extract was thus an undiluted »leaf 
Juice» from which chloroplast fragments and other particles were removed 
by centrifugation, but otherwise containing soluble constituents in concentra- 
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the addition of 0.007 ml. of the boiled extract to the enzyme preparation 
resulted in an increase in CO, evolution of approximately 25 mm. If it is 
assumed that the increment in CO, evolution resulted from the decarboxyla- 
tion of one carboxyl group of a substrate, then the compound serving as 
the substrate must have been present in the boiled extract in a high con- 
centration, of the order of 0.1 molar. 0.1 molar concentration of a carboxyl 
group corresponds to 4.5 mgs per ml. The dry weight of the boiled extract 
was found to be approximately 30 mgs per ml. It thus became clear that the 
unknown substrate must be a major constituent of the leaf extract. 


tions similar to those extractable from an intact leaf. As shown in Figure 2 


Identification of oxalate as the substrate 


It was observed that a precipitate was formed in certain boiled extract 
preparations which were left standing in the refrigerator for several days. 
The precipitate when separated from the extract was found to be highly 
active in increasing the CO, evolution and oxygen uptake of the enzyme 
preparation. The crude precipitate was found to be soluble in dilute acid but 
was insoluble in alkaline 75 per cent alcohol. These properties were used in 
the purification of the unknown material. The original precipitate was dis- 
solved in HCl. The addition of dilute KOH precipitated a flocculent, inert 
material which was discarded. The addition of alcohol to the filtrate brought 
about the precipitation of a white crystalline material of high melting point. 
The crystalline material was soluble in water, giving a neutral solution. The 
addition of this solution to leaf particles gave a marked increase in CO, 
evolution. The active material was identified as hydrated potassium oxalate 
by the following procedures. 

(a) Carbon-hydrogen Analysis. The water-soluble crystalline material 
which had been precipitated from alkaline alcohol solution was recrystallized 
from neutral 75 per cent alcohol. 3 milligrams of the product were analyzed 
for carbon and hydrogen content, (by the University of California, Chemistry 
Department Microlaboratory). The analysis gave approximately 11.4 per cent 
C, and an estimated 4 per cent H. This very low carbon content, and the 
solubility characteristics of the material, suggested that the product was a 
salt, possibly a potassium salt, since KOH was used in the isolation. These 
data supported by the large amount of carbon dioxide enzymatically released 
per unit weight of added compound, suggested potassium oxalate as the 
purified compound. K,C,0, : H,0 has a carbon content of 13.0 per cent 
and a hydrogen content of 1.1 per cent. 

(b) Permanganate Titration. A sample of the recrystallized material was 
titrated with standard KMnQ,. The results were as follows: 
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The unknown material showed the same equivalent weight toward KMnO, 
as does K,C,0, - H,O. 

(c) X-ray Powder Diffraction. An x-ray diffraction pattern was obtained 
on some of the powdered crystalline material which had been precipitated 
from alkaline alcohol. Comparison of this pattern with the x-ray diffraction 
pattern of authentic K:C,0, : H,0 showed identity of all lines on the films 
as to spacing and relative intensities (Figure 3). Also, all lines of these films 
correspond in their entirety with the data for K,C,0,°H,O given by card 
number I-2921 of the x-ray diffraction pattern cards of the American Society 
for the Testing of Materials. The photographs shown in Figure 3 do not 


reproduce many of the fainter lines which were identifiable in the original 
films. 


Ineffectiveness of boiled extract after removal of oxalate 


The correctness of the conclusion that oxalate was the substrate responsible 
for the effect of the boiled extract shown in Figure 2 was tested as follows. 
A portion of the boiled extract was treated with calcium chloride. The 
resultant precipitate was filtered off and the filtrate was found, in contrast 
to the untreated extract, to be without any appreciable effect on the evolution 
of CO, by the enzyme preparation (Figure 4). The active ingredient of the 
boiled extract resided in the precipitate. This was tested quantitatively in the 
following way. A permanganate titration was made of the precipitated 
material. The addition to the enzyme preparation of authentic oxalate in 
an amount equivalent to that indicated by the permanganate titration gave 
an increase in carbon dioxide evolution which was equal to the increase 
produced by the corresponding portion of untreated boiled extract (Figure 4). 
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Stoichiometry of oxalate decarboxylation 


It was already shown in Figure 2 that the CO, evolution was, at least for 
the smaller additions, approximately proportional to the amount of substrate 
added (boiled leaf extract). Figure 5 shows the CO, evolution and oxygen 
uptake following the addition of varying amounts of authentic potassium 
oxalate. Because of the high concentration of the enzyme preparation used in 
the experiment shown in Figure 5 (cf. legend of Figure 6), the endogenous 
oxygen uptake (5) unrelated to oxalate oxidation, was high in all treatments. 
Nevertheless, the increments of both CO, evolved and the corresponding O, 
absorbed following the addition of oxalate were proportional to the amount 
of oxalate added. This is indicated in Table 1 in which the balance of gaseous 
exchange is presented at the end of 65 minutes. At that time the curves for 
oxygen uptake have become virtually parallel for the control and the oxalate- 
supplied particles and CO, evolution has essentially ceased Figure 5). As 
shown in Table 1 the data suggest that the decomposition of 1 mole of 


Table 1. Decomposition of oxalate by a leaf particulate fraction after 65 minutes. Experi- 
mental conditions same as in Figure 5. 


nM. | u M. u M. CO; On 

Oxalate Added Net CO, Evolved|Net O, Absorbed) Oxalate Oxalate OF 
4 fil 2.06 de | 0.51 3.4 
8 14.4 3.71 | 1.80 0.46 3.9 

4 6.9 1.70 172 0 42 4.1 | 

8 14.9 4.02 1.86 0.50 | 3.7 | 
Averages 10710 | 0.47 | 3.8 
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Figure 5. Oxygen uptake and CO: evolution by a leaf particulate fraction following the 

addition of varying amounts of potassium oxalate, indicated in micromoles on the graph. 

Enzyme preparation containing 1.8 mg. of chlorophyll and 40 micromoles of citrate buffer 
were used throughout. Other conditions same as in Figure 1. 


Figure 6. Effect of 2X10-* M azide on the utilization of oxygen in the course of oxalate 
decomposition by a leaf particulate fraction. Lower dotted line indicates the theoretical 
oxygen evolution in accordance with reaction 3; upper dotted line indicates the theoretical 
oxygen evolution in accordance with equation 1, assuming a total inhibition of catalase 
by azide. At points indicated by arrows, 560 micrograms of crystalline catalase was tipped 
in from a sidearm. The reaction mixture included an enzyme preparation containing 0.5 mg 
of chlorophyll and 6 micromoles of potassium oxalate. Other conditions as in legend of 
Figure 1. 


oxalate results in the evolution of approximately 2 moles of CO, and the 
uptake of 0.5 mole of 0,. This would correspond to an overall reaction as 
represented by equation 3. 


Hydrogen peroxide as a product of the reaction 


Previous workers (12) have noted the formation of hydrogen peroxide 
in the decomposition of oxalate by various plant preparations. We have also 
observed by iodometric tests the formation of hydrogen peroxide during the 
oxidative decomposition of oxalate by our enzyme preparations. It was 
further found by adding hydrogen peroxide to our enzyme preparations that 
they contained catalase. It appeared likely therefore that the oxidation of 
oxalate according to an overall stoichiometry which fitted reaction 3, was 
in effect a summation of reactions 1 and 2; i.e. the oxidation of oxalate to 
CO, and H,O, catalyzed by an oxalic oxidase proper, followed by the de- 
composition of H,O, by catalase (12). 
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This two-step mechanism of the overall reaction was tested by inhibiting 
the catalase (reaction 2) without affecting appreciably the oxidation of 
oxalate (reaction 1). It was found (5) that high concentrations of azide and 
cyanide had inhibitory effects on the overall reaction. However, azide at a 
concentration of approximately 10°? M inhibited the catalase reaction 
without materially affecting reaction 1. Figure 6 represents an experiment 
in which azide was used to inhibit catalase activity. The inhibition of catalase 
stopped the decomposition of hydrogen peroxide and this was reflected 
in an increased oxygen consumption. The subsequent addition of an excess 
of catalase to the inhibited system brought about the decomposition of the 
accumulated peroxide. The final oxygen consumption of the azide-inhibited 
system to which catalase was added was the same as in the uninhibited 
system which served as a control (Figure 6). 

The same technique of inhibiting the catalase with azide and reversing 
the inhibition by the addition of an excess of crystalline catalase was used 
to establish quantitatively the amounts of hydrogen peroxide formed relative 
to varying amounts of oxalate decomposed (Figure 7). The endogenous 
oxygen uptake was reduced by using a relatively small amount of the enzyme 
preparation and allowing it to respire for approximately 30 minutes prior 
to the addition of oxalate. Figure 7 shows that, as would be expected from 
equation 1, the ratio of oxalate decomposed to oxygen consumed is 1: 1 when 
catalase is inhibited, but it increases to 2: 1 when catalase is added, in accord- 


ance with reaction 3. 
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Discussion 


Enzymatic decomposition of oxalate by preparations obtained from certain 
lower and higher plants has been previously reported by a number of investi- 
gators (12,17; these references also contain citations to earlier work). The 
oxalate-decomposing enzyme system in sugar beet leaves, reported in this 
paper, is similar in certain properties to that obtained from Rumex leaves 
by Franke et al. (12). The oxalic oxidase of sugar beet leaves was found to 
be insoluble in water, stable to dialysis and repeated washings. As shown 
elsewhere (5) the enzyme was contained in cellular particles associated with 
the »chloroplast fragments» fraction. Although no final conclusion can be 
drawn at this time, it appears unlikely that the oxalic oxidase is contained 
within the chloroplasts proper (5). The apparent presence of oxalic oxidase 
activity in functional particles other than chloroplasts lends support to the 
existence of non-chloroplast cytoplasmic particles in green leaves (15, 16). 

Evidence is presented in support of a two-step mechanism for the enzymatic 
decomposition of oxalate: a) the oxidation of oxalate to CO, and H,O, 
by oxalic oxidase and b) the subsequent decomposition of hydrogen peroxide 
by catalase. Catalase was found to be present in the particulate fraction 
containing the oxalic oxidase. The production of hydrogen peroxide by 
oxalic oxidase suggests that this enzyme may be a flavoprotein. It is interest- 
ing to note in this connection the recent isolation from green leaves of a 
flavoprotein enzyme, catalyzing the oxidation of glycolic acid (26). 

Recently Kenten and Mann (13, 14) have brought to light a mechanism 
for the in vitro enzymatic oxidation of oxalate by manganese and hydrogen 
peroxide. In their system hydrogen peroxide is not a product of oxalate 
oxidation but arises as a product of another enzyme reaction (amine oxidase 
or a-hydroxyacid oxidase). Manganese is oxidized to a higher valence level 
by the peroxide and a peroxidase enzyme, and the oxidized manganese is 
in turn reduced by oxalate. The cyclic oxidation and reduction of manganese 
in their system would result in the decomposition of oxalate. Kenten and 
Mann (14) have also presented evidence in support of the conclusion that 
oxalate is a product of the oxidation of glyoxylic acid by a-hydroxyacid 
oxidase, the enzyme which catalyzes the oxidation of glycolic to glyoxylic 
acid (21, 26) with the formation of hydrogen peroxide. However, Zelitch 
and Ochoa (26) found no evidence that purified preparations of this enzyme 
catalyzed the decomposition of glyoxylic acid, which they concluded was 
non-enzymatic in nature. As in other green tissues (21), the sugar beet leaves 


used in this study were found to contain a-hydroxy-acid oxidase,! also known 
as glycolic acid oxidase. 


! Arnon, Daniel I. and Heimbiirger, Gunilla, Unpublished data. 
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The elucidation of the physiological role of oxalic oxidase must be preceded 
by a better understanding of the place of oxalic acid in plant metabolism. 
Oxalic acid is widely distributed and perhaps present in all plants (7, 8). 
This acid might play a part as one of the organic acids produced by some 
plants in response to an excess accumulation of cations, as may particularly 
result when nitrate is an important anion absorbed by the plant—(1; 6, 10, 
18, 19, 22). However, malic acid is considered the most important organic 
acid for this function (9a). 

Recent work on the role of oxalic acid has led various investigators to 
the conclusion that this acid is inert and is probably an end-product of 
metabolism in plants (9, 23, 25) and in the rat (24). It appears, therefore, 
that any revision of the current concepts of the metabolic inertness of oxalate. 
and a concomitant assignment of a physiological role to oxalic oxidase, must 
await new evidence. 


Summary 


1. Oxygen uptake and CO, evolution in the dark by isolated cytoplasmic 
particles from sugar beet leaves was shown to be dependent on the presence 
of a heat-stable substrate in the cytoplasmic fluid. 

2. The substrate was isolated in crystalline form and identified as oxalate 
by means of chemical analysis, x-ray diffraction pattern and biological 
activity. 

3. The stoichiometry of the overall reaction, its inhibition by azide and 
the reversal of the inhibition by the addition of crystalline catalase indicate 
that the oxidative decomposition of oxalate by cytoplasmic leaf particles 
represents a sum of two reactions: the oxidation of oxalate to CO, and 
hydrogen peroxide catalyzed by an enzyme oxalic oxidase, and the decom- 
position of hydrogen peroxide by catalase. Both the oxalic oxidase and 
catalase are contained in the particles. 

We wish to thank Professor W. H. Dore and Dr. P. R. Stout for their assistance 


in the identification of the x-ray diffraction pattern of potassium oxalate, Our 
thanks are due to Dr. H. W. Dahlberg for the supply of the sugar beet seed. 
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Introduction 


The enzyme complex catalyzing the reactions of the tricarboxylic acid 
cycle appears to be localized in particulate components of the cytoplasm. 
The evidence for this has recently been summarized by Green (1951), Holter 
(1952) and Millerd and Bonner (1953). The operation of the cycle in a parti- 
culate fraction isolated from the cytoplasm of a higher plant has been 
demonstrated by Millerd et al. (1951) in etiolated mung bean seedlings, by 
Brummond (1952) and Dow (1952) in white lupine seedlings, by Davies 
(1953) in etiolated pea seedlings, by Laties (1953 b) in cauliflower buds, by 
Hackett and Simon (1954) in the spadix of Arum maculatum and by Biale 
and Young (1953) in avocado fruits. The technique used in isolating the 
particulate fraction from plant tissues has been described by Laties (1953 c). 

The isolation of a similar fraction from etiolated Avena seedlings is reported 
below. It brings about the oxidation of pyruvic acid and of the component 
acids of the tricarboxylic acid cycle. Observations on the stability of the par- 
ticles and on the use of a chelating agent to prevent inactivation of the 
particles are presented. In addition, experiments on the role of acetate, 
acetylphosphate and pyruvate as acetyl donors in the synthesis of citrate are 


described. 
[625] 


(en 
i) 
© 


J. M. TAGER 


Methods and Materials 


Seeds of Algerian oats, Avena sterilis (L.) Mal. ssp. byzantina (C. Koch) Thell., 
were obtained commercially. The seeds were soaked in tapwater for 2 hours and 
sown in moist vermiculite. They were grown in closed plastic boxes at 256 Cm 
the dark for 4 days. The seedlings were harvested at this stage, when they were 
approximately 4 cm. high. The complete above-ground portions of the plants, 
representing the coleoptiles and the first leaves, were excised, washed in tapwater, 
rinsed in distilled water, dried superficially and chilled at 0° C for 20 minutes. 
An aliquot of this material consisting of 40 g. was cut with scizzors and macerated 
in a mortar with 60 ml. icecold 0.5 M sucrose. The pH of the slurry was approxi- 
mately 6.5. The slurry was strained through cheesecloth and centrifuged for 5 minutes 
at approximately 500g in a Servall SS-1 angle-head centrifuge. The precipitate 
was discarded and the supernatant was centrifuged for 15 minutes at 15,000 Xg in 
the Servall centrifuge. The supernatant was discarded and the precipitate taken up 
in 5.5 ml. 0.5 M sucrose with the aid of a Potter-Elvehjem homogenizer. The 
suspension was kept in an ice-water bath until use. The volume of suspension added 
to each Warburg manometer flask was 0.5 ml. and contained approximately 0.5 mg. 
nitrogen. All the preparative procedures were carried out in a cold room maintained 
at —1 to +2° C. 

In order to evaluate the effect of washing the particulate fraction on the en- 
zymatic activity, the slurry was divided into 2 portions, one of which was treated 
as above. The precipitate, obtained after the high speed centrifugation of the other 
portion, was resuspended in 25 ml. 0.5 M sucrose and recentrifuged for 15 minutes 
at 15,000 xg. This precipitate was taken up in 0.5 M sucrose and also stored in an 
ice-water bath until use. 

Oxygen uptake was determined manometrically by the method of Warburg (Um- 
breit et al., 1949) at 30° C. All reagents were made up in separate solutions at 
10 times the final concentration in the reaction mixture. The enzyme suspension 
was pipetted into the flasks after the other components had been added. The mano- 
meters and flasks were equilibrated for 10 minutes before the first readings were 
taken. Readings ware made at 10 minute intervals and the QO,(N) calculated on 
the basis of the first 20 minutes. All values were corrected for the endogenous 
oxygen uptake unless otherwise stated. Vessels were run in duplicate and differed 
from the mean by less than 5 per cent. 

For the study of citrate synthesis, the whole homogenate obtained after straining 
the slurry through cheesecloth was used as the enzyme source. The reagents were 
added to test-tubes and chilled in the cold room. After adding the enzyme, the tubes 
were placed in a constant temperature bath maintained at 30° C. At zero time and 
at subsequent intervals, 1 ml. aliquots were removed and pipetted into flasks con- 
taining 1 ml. 10 per cent sodium tungstate and 10 ml. water. To each flask was 
added 1 ml. ?/s N sulphuric acid while the flask was constantly rotated. After 20 
minutes, the contents of the flasks were filtered through Whatman No. 3 filter 
paper. Citrate was determined in 4 ml. aliquots of the filtrate. 

The method of Ettinger et al. (1952), with some modifications, was used in the 
determination of citric acid. Petroleum ether, B.P. 60—80° C, was used instead of 
heptane to extract the pentabromoacetone and the colour development was carried 
out at 56° C for 10 minutes instead of at 80° C for 4 minutes. 
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Nitrogen was determined on aliquots of the enzyme suspension by micro-K jeldal 
digestion followed by distillation of the ammonia into 2.0 per cent boric acid and 
titration of the excess acid with 0.01 N sulphuric acid, using bromcresol green- 
methyl red as indicator. Determinations were made in duplicate and differed from 
the mean by less than 2.5 per cent. 

Quartz glass distilled water was used in all the metabolic experiments. 

The following cofactors were used: Adenosinetriphosphate, disodium salt, 95 °/o 
pure (Pabst Brewing Co.); Diphosphopyridine nucleotide, 95 °/o pure, and Cyto- 
chrome C (Nutritional Biochemicals Corp.). The dilithium salt of acetylphosphate 
was obtained from Pabst Brewing Co. and the ethylenediamine tetraacetic acid 
from Alrose Chemical Co. 

The abbreviations used below are: Adenosinetriphosphate (ATP); Diphospho- 
pyridine nucleotide (DPN); and Ethylenediamine tetraacetic acid (EDTA). 


Results 


The Oxidation of Members of the Tricarboxylic Acid Cycle 


In the first experiments, the results of which are presented in table 1, the 
ability of the particulate fraction isolated from etiolated Avena seedlings 
to catalyze some of the component reactions of the tricarboxylic acid cycle 


Table 1. The Oxidation of Individual Members of the Tricarboxylic Acid Cycle. Final con- 

centration of reagents in reaction mixture: Phosphate buffer (KH2PO4—K2HPO4) pH 7.3, 

2-10—? M; MgSO,, 2-10-3 M; ATP, 10—3 M; DPN, 10-4 M; Sucrose, 0.4 M; Enzyme 
Suspension, 0.5 ml. Final volume, 3.0 ml. 0.2 ml. 10 °/o KOH in side-arm. 


| Experiment | Substrate | Concentration M QO, (N). 
| Citrate 108 6 | 
il | Citrate 10-3 56 | 
Citrate 10-2 192 | 
5 | a-ketoglutarate 10-3 | 136 
3 a-ketoglutarate | DES | 213 | 
3 | Succinate 10-3 40 
_ Succinate | 20 194 
N | Fumarate | 10 8 
| Fumarate 2X 10Z | 29 
= | Fumarate 107? 17 
| = Fumarate 2 x 107 25 
| = 3 
| [| Fumarate 10-3 1 
| 2 | Fumarate 210-2 36 
| a | Fumarate ie 15 
| 6 Fumarate 22410 55 
Malate 10-3 32 
| 2 { Malate 2 X 10—? | 96 


a DPN concentration 5-10—-4 M. 
42, 
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Table 2. The Oxidation of Pyruvate via the Tricarboxylic Acid Cycle. Addenda as for 


ae 


table 1. 
AT oS ST TS NN : 
Experiment | Substrate | Concentration M QO, (N). 
.{| Pyruvate 2X 10m | 14 
1 | Citrate 10 107 
Pyruvate-+ citrate | 155 
{| Pyruvate 2 10 | 8 
2 Citrate <a 20 
| Pyruvate +citrate | 60 
| Pyruvate 2 X ees | 0 
3 a-ketoglutarate Oe 136 
| Pyruvate+a-ketoglutarate 194 
Pyruvate 20 18 
4 | a-ketoglutarate | 36 10 ils 
Pyruvate+a-ketoglutarate | 91 
| Pyruvate | 2x102 19 
5 Succinate 102 40 
Pvruvate+succinate La 
Pyruvate | 2X10-2 | 17 
6 Fumarate | 10-3 | 17 
Pyruvate+fumarate | | 155 
| Pyruvate | 2x 10-2 | 6 
7 Malate | 10 | 32 
Pyruvate + malate | 169 


was studied. Citrate, a-ketoglutarate and succinate were readily oxidized, 
indicating the presence of the corresponding dehydrogenases. Fumarase 
and malic dehydrogenase were also present, since fumarate and malate 
were oxidized. The rate of oxidation of fumarate was low, but could 
be increased by the use of a higher concentration of DPN. This effect of 
DPN may have been due to a shift in the equilibrium in the reaction 


Fumarate = Malate 


as a result of a more rapid removal of malate in the DPN-dependent malic 
dehydrogenase reaction. 


The Oxidation of Pyruvate 


The complete oxidation of pyruvate to CO, and water via the tricarboxylic 
acid cycle requires the presence of one of the acids of the cycle which, as 
a result of the successive reactions of the cycle, ultimately furnishes “the 
oxaloacetate necessary to bring pyruvate into the cycle. Oxaloacetate is 
continuously regenerated and, under the action of the condensing enzyme 
(Stern and Ochoa, 1951), combines with acetylcoenzyme A to form citrate, 
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Table 3. The Effect of Washing the Particles in 0.5 M Sucrose on the Rate of Oxidation 
of Pyruvate. Addenda as for table 1. Substrate concentrations: Pyruvate, 2-10-2 M: 
Succinate, 10—* M. Values uncorrected for endogenous oxygen uptake. 
Se aS Se 


| Enzyme Preparation Substrate QO, (N). | 
| None 18 
Unwashed particles Succinate 40 
| Pyruvate+succinate 244 
| | None 13 
Washed particles Succinate 42 
| Pyruvate +succinate 244 


Acetylcoenzyme A, in turn, is derived from pyruvate by the action of the 
pyruvic oxidase system. 

The results of experiments to show the effect of catalytic amounts of a 
Krebs cycle acid on the oxidation of pyruvate by Avena particles are pre- 
sented in table 2. Pyruvate alone was oxidized at a very low rate. When in 
addition to pyruvate, low concentrations of a Krebs cycle acid were added, 
the rate of oxygen uptake was greatly increased. The substantial differences 
between the oxygen uptake of the Krebs cycle acid alone and the oxygen 
uptake of the Krebs cycle acid plus pyruvate were due to the oxidation of 
pyruvate via the tricarboxylic acid cycle. 


The Effect of Washing of the Particulate Fraction on the Rate 
of Oxidation of Pyruvate 


The standard procedure for isolation of the particulate fraction from plant 
materials usually includes washing of the precipitate obtained after the high 
speed centrifugation (Laties, 1953 c). In the case of the Avena, washing of 
the particles was without effect on the rate of oxidation of pyruvate 
(table 3). Either inhibitors or interfering substances were not present in the 
Avena protoplast or they were quantitatively removed in the first high speed 


centrifugation. 


The Decline in the Rate of Pyruvate Oxidation with Time 


The rate of pyruvate oxidation did not remain constant but diminished 
with time. This decline in activity, which often occurred after 20 minutes, 
could not be arrested by the addition of extra ATP after 40 minutes (figure 1). 
An even more marked decline in activity was observed when the enzyme 
suspension was incubated for 50 minutes at 30° C in the absence of the 


reaction mixture (figure 1). 
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Slater and Cleland (1953) found a similar decline in respiratory activity in 
heart-muscle sarcosomes and suggested that it was due to the presence of 
calciun, ions. The use of the chelating agent EDTA during the preparation 
of the particles or in the reaction mixture greatly diminished the decline 
in activity. When sarcosomes were prepared in a medium containing EDTA 
and the EDTA removed by washing, the addition of calcium ions caused a 
reappearance of the inactivation. 

Preliminary experiments were carried out to study the effect of EDTA 
on the oxidation of pyruvate by Avena particles. A particulate fraction was 
prepared in 0.5 M sucrose-0.01 M EDTA, pH 7.0, and washed free of EDTA 
by suspension in 0.5 M sucrose and recentrifugation. The activity of such 
particles was compared with the activity of particles prepared and washed 
in 0.5 M sucrose. The results of one experiment are presented in figure 2. 
When particles were prepared in sucrose, the rate of pyruvate oxidation 
declined rapidly with time; the fall in activity was less marked if EDTA 
was added to the reaction mixture. The rate of pyruvate oxidation by par- 
ticles prepared in sucrose-EDTA remained constant for approximately 100 
minutes. The effect of EDTA in the reaction mixture on the rate of pyruvate 
oxidation by particles prepared in sucrose-EDTA was small and was not 
reproducible. The initial rate of pyruvate oxidation was higher with particles 
prepared in sucrose-EDTA than with particles prepared in sucrose. 

Further experiments to study the nature of the inactivation of Avena parti- 
culate preparations are in progress. Cytoplasmic particles from several plant 
sources appear to be unstable (see, e.g. Hackett and Simon, 1954) and for 
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this reason, the use of EDTA in the preparative medium may perhaps be 
recommended. It is of interest to note that avocado particles prepared in 
0.5 M sucrose are remarkably stable. 


Cofactor Requirements for the Oxidation of Pyruvate 


The standard reaction mixture used in these experiments to measure the 
rate of oxidation of pyruvate by Avena particles contained sucrose, phosphate 
buffer, Mg ions, ATP, DPN, enzyme suspension, pyruvate and a Krebs cycle 
acid. The results of experiments to determine some of the cofactor require- 
ments for the oxidation of pyruvate are presented in table 4. Although pyru- 
vate was oxidized in the absence of exogenous ATP, the addition of ATP 
resulted in greatly increased oxygen uptake. The requirement for exogenous 
ATP for the maximal oxidation of pyruvate could not be met by DPN. 
There was no requirement for exogenous DPN; the slight increase in oxygen 
uptake due to DPN, both in the presence and in the absence of ATP, lay 
within the experimental error of the manometric technique. 

The addition of cytochrome C had no effect on the rate of oxidation of 


pyruvate. 
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Table 4. Cofactor Requirements for the Oxidation of Pyruvate. Final concentration of 
reagents in reaction mixture: Phosphate buffer (KHzPO4—KsHPO,) pH 7.3, 2:10? M; 
MgSO,, 2:10-3 M; Sucrose, 0.4 M; Enzyme suspension, 0.5 ml. Substrate: pyruvate, 
2-10-? M plus succinate, 10-3 M. Final volume, 3.0 ml. 0.2 ml. 10 °/o KOH in side-arm. 


Concentration of Cofactors in Reaction Mixture M 
Experiment | £ = — QO, (N) 
| ATP DPN Cytochrome C 
ll 0 10-4 0 143 
1 {| 10 10-4 0 188 
| 10-3 10 0 216 
| 0 0 0 123 
| 0 102 0 130 
2 10-3 | 0 0 184 
DS | NO" 0 192 
5 [ 10-3 | 10-4 0 233 
\ 10-3 | 10-# 5.103 238 


The Effect of Oxaloacetate on Pyruvate Oxidation 


Laties (1953 a) observed that with certain particulate preparations from 
cauliflower buds there was a rapid inhibition of succinate oxidation if ATP 
was present. He suggested that this inhibition was due to the formation of 
oxaloacetate as a result of malate oxidation. Oxaloacetate is known to be a 
competitive inhibitor of succinic dehydrogenase (Swingle et al., 1942). An 
analogous situation was encountered in the case of particulate preparations 
from Avena seedlings when oxaloacetate was used to bring about the oxida- 
tion of pyruvate. The results of one experiment are presented in figure 3. 
The initial rate of oxidation of pyruvate was progressively decreased as the 
concentration of oxaloacetate was raised. After 10 minutes, there was no 
significant difference between the rates of oxidation of pyruvate at the two 
lower concentrations of oxaloacetate. The inhibition of pyruvate oxidation 
became less marked with time at the two higher concentrations of oxalo- 
acetate. 


The Inability of Avena Seedling Preparations to Metabolize 
Acetate and Acetylphosphate 


There is some evidence that acetate may be metabolized via the tri- 
carboxylic acid cycle in some plant tissues. Millerd and Bonner (1953) 
report the general occurrence of the acetate activating enzyme in plant 
tissues. When labelled acetate was fed to certain leaves, the label appeared 
in the tricarboxylic acid cycle intermediates (Tuttle, 1948), but similar 
experiments with particles obtained from the cotyledons of etiolated white 
lupine seedlings did not lead to the incorporation of the Ci label in any 
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Krebs cycle acids (Brummond, 1952). Acetate can apparently act as acetyl 
donor for the synthesis of citrate in potato slices (Barron et al., 1950), in 
tomato stem slices (Link et al., 1952) and in pea seedling particles (Davies, 
1953). 

In Avena seedling preparations, under conditions where pyruvate was 
rapidly metabolized, acetate and acetylphosphate were not oxidized (table 5). 
In experiments where citrate formation by whole homogenates of Avena 
seedlings was measured, a net synthesis of citrate occurred only when pyru- 
vate was present, and not when acetate or acetylphosphate was added 


Table 5. The Inability of Particulate Preparations from Avena Seedlings to Oxidize Acetate 
and Acetylphosphate. Addenda as for Table 1. Concentration of Substrates: Succinate, 
10-3 M; Acetate, 2:10-2 M; Pyruvate, 2:10-? M; Acetylphosphate, Bo N= Wi 


Experiment Substrate 


Succinate 

Acetate 

Succinate -+ acetate 
Succinate -+ pyruvate 


Succinate 
2 | Acetylphosphate 
Succinate+acetylphosphate 
| Succinate + pyruvate 
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Table 6. The Formation of Citrate by Avena Homogenates. Final concentration of reagents 

in reaction mixture: Phosphate buffer (KH3PO4—KsHPO,) pH 7.3, 5-10-° M; MgSO,, 

10-3 M; ATP, 5: 10-? M; DPN, 5 :10—° M; Oxaloacetate, 10-? M; Acetate, acetylphosphate 
or pyruvate, 10-2 M; Sucrose, 0.4 M; Avena homogenate, 3 ml. Final volume, 6 ml. 


Citrate Formed in pg Per mg. N 
Substrate re x — er 
| 10 min. 20 min. 30 min. 
| | 
| INOMG Drom Cr N De ele een tiers — | = 63 | 
NOxAloacetate Pace REP EC = — 47 | 
Oxaloacetate+acetylphosphate ............... = — 48 
WOxaloacetate> pyzuyvates re | 47 | 85 137 


(table 6). In the experiments on citrate formation, a high concentration of 
oxaloacetate was used in place of the more commonly employed malonate 
to short-circuit the cycle at the succinoxidase step and thus to cause an 
accumulation of citrate. The whole homogenate rather than the particulate 
fraction alone was used, in order to preclude the possibility that negative 
results with acetate or acetylphosphate might have been due to the fact that 
the acetate activating enzyme or transacetylase were in a soluble form and 
not associated with the particulate fraction. 

It was possible that the conditions chosen to investigate citrate synthesis 
from acetate plus oxaloacetate were responsible for the negative results. Thus 
an enzyme suspension was prepared from the Avena according to the method 
of Link et al. (1952) and their conditions used in the assay. The results were 
again negative. Nor was it possible to duplicate the results of Link et al. 
with homogenates of tomato stem slices. Davies (1953) presents evidence 
that acetate was oxidized in the presence of malate by pea seedling prepara- 
tions; the difference between the rates of oxygen uptake of malate alone and 
of malate plus acetate were, however, small. The figures obtained by Davies 
for citrate formation are low. Whereas the pea seedling enzyme formed 
202 ug. citrate per tube in 2 hours at 30° C with pyruvate plus oxaloacetate 


as substrates, the Avena preparation yielded 367 ug. per tube in 30 minutes 
under the same conditions. 


Cytological Identity of the Particulate Fraction from 
Etiolated Avena Seedlings 


The particulate fraction isolated from etiolated Avena seedlings appears 
to be biochemically similar to the cyclophorase particles (Green, 1951) of 
animal tissues. In animal tissues, these particles appear to be identical to 
mitochondria (Harman, 1950). Millerd et al. (1951) and Davies (1953) were 
able to stain particulate fractions from plant tissues with Janus Green B, 
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which constitutes evidence that these particles may be mitochondria. Avocado 
particles, however, were not stained with Janus Green B (Biale and Young, 
1953). Newcomer (1951) and Stafford (1951) discuss the unreliability of the 
Janus Green B test in identifying plant mitochondria. Microscopic examina- 
tion of the Avena fraction revealed an array of particles of varied sizes and 
shapes, and their cytological identity remains unknown. 


Summary 


(1) A particulate fraction which catalyzed the oxidation of pyruvic acid via 
the tricarboxylic acid cycle was isolated from etiolated Avena seedlings. 

(2) The rate of pyruvate oxidation declined rapidly with time. This decline 
in activity could be substantially decreased by the use of EDTA in the 
medium used to isolate the particles. 

(3) Exogenous ATP was necessary for the maximal oxidation of pyruvate. 
There was no requirement for exogenous DPN or cytochrome C for 
pyruvate oxidation. 

(4) Low concentrations of oxaloacetate promoted the oxidation of pyruvate, 
but high concentrations inhibited the oxidation markedly. 

(5) Neither acetate nor acetylphosphate was oxidized by the particles. Only 
pyruvate, and not acetate or acetylphosphate could act as acetyl donor 
for the synthesis of citrate by preparations from Avena seedlings. 
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Introduction 


In a recent article, Barker (1953) described a method whereby potato 
iubers may be obtained in vitro in sterile cultures. For this purpose etiolated 
shoots, grown from the eyes of potato tubers, were removed and, after 
sterilization, transferred to sterile media in culture bottles. Very soon branched 
stolons grew at the nodes of these shoots and occasionally small tubers were 
formed on the branches of the stolons, sometimes above or sometimes below 
the surface of the agar medium. 

In view of the fact that we also have been culturing potato tubers in vitro 
during the past two years and have collected additional interesting informa- 
tion on the reactions of potato stem cultures, it may be worth while to 
report our results at this stage. 

The first attempts to grow isolated parts of the potato plant in sterile 
cultures were made with potato flowers. Many potato varieties shed their 
flowers at some early stage, from long before to just before the flowers have 
developed and opened. The severity of this phenomenon seems to vary with 
climatic conditions. Many different treatments have been tested in an effort 
to prevent the premature abscission of floral buds. Plants were subjected to 
different day and night temperatures, light intensities and day lengths, but 
without consistent effects. Spraying plants or injecting petioles or stems with 
auxin solutions, anti-auxins, sugar and salt solutions have not up to the 
present, resulted in any marked improvement. Pre-treatment of tubers with 
low temperatures or with different hormone solutions has also been un- 


[637] 


638 MARGARETHA G. MES AND IRMGARD MENGE 


Figure 1. Potato stem apex cultures, grown in 
darkness, removed from agar and spread out. 
Apical leaves removed (top left) exposing the 
origin of the axillary, stoloniferous shoot with 
small scale leaves and with roots at the nodes. 
The shoot grew alternately into and out of the 
agar. One lateral branch at the first node grew 
into the agar and formed a tuber. Note pro- 


minent lenticels. 


successful. Treatment of the flower stalks in the young bud stage with 
lanolin-hormone mixtures, as well as spraying with some of the hormone 
solutions, sometimes succeeded in delaying abscission. The buds however, 
developed no further, and usually dried on the plant. 

Notwithstanding all these negative results, the fact that under natural 
conditions the severity of premature abscission varies with the season, seems 
to indicate that some metabolic or hormonal balance is capable of influencing 
the expression of this apparantly inherent characteristic of floral abscission. 

When Nitsch (1951) reported growing young tomato ovaries in vitro, his 
method seemed to offer great possibilities for studying special nutritional 
requirements of developing potato flowers. Using the method of sterilization 
and the culture medium suggested by Nitsch, flowers in different stages of 
development were put out on sterile medium in test tubes. In some cases a 
small piece of the potato stem apex, with buds and very young leaves still 
attached, was used. The young flowers and buds did not develop visibly 
on the medium tested. After several weeks, or sometimes months, however, 
it was noticed that lateral shoots grew out from the axils of small leaves on 
the stem apex cultures. These new shoots behaved in a variety of ways, to 
be described later, and eventually they formed small potato tubers above or 
in the medium (Figure 1). 

This interesting phenomenon was studied in more detail and results of 
some experiments are given below. 


Material and Methods 


Although the formation of shoots and tubers was first observed in stem apex 
cultures, it was soon discovered that the formation and growth of lateral shoots 


was more rapid and more consistent when small isolated stem segments (cuttings) 
were used. 
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For the purpose of most experiments, sprouting Aram Chief potato tubers were 
planted, usually in vermiculite moistened with a complete Hoagland solution. When 
the plants had reached the desired stage of development, the stems were defoliated 
and cut up into segments consisting of one or two nodes each, depending on the 
length of the internodes. In an effort to find the best method of sterilization, the 
isolated segments were sterilized either in a 10 per cent or 5 per cent calcium 
hypochlorite solution for thirty to sixty minutes, or sometimes in a 0.1 per cent 
mercuric cloride solution for five minutes. They were dried superficially between 
sterile filter paper usually after having first been rinsed in sterile water, 

The normal culture medium consisted of Knop’s nutrient solution containing 
1 per cent or 5 per cent sucrose and made up with 0.75 per cent agar. This 
medium was poured into test tubes, usually 6” Xi”, which were plugged with 
cotton wool before sterilization. Although sterile instruments were used, and other 
normal precautions were taken, a fair number of cultures developed bacterial, and 
less frequently, fungal infections. Infection seemed to be more common in cultures 
and treatments which offered the least favourable conditions for shoot growth. 

The test tubes, each with one stem segment, were placed upright in wire baskets. 
In later experiments the test tubes were kept on a layer of moist cotton wool in 
closed plastic boxes to prevent the agar from drying out. The baskets or boxes were 
put into different constant temperature rooms, some in the dark and some under 
light batteries of fluorescent and a few incandescent lamps. From eight to twenty 
test tubes were used for each treatment in any experiment. 


Experimental Results and Observations 


1. General description of stem growth and tuber formation 


Before the influence of environmental factors on the behaviour of the 
stem cultures can be described, a survey of the various growth peculiarities 
which were encountered, must be given. When young stem segments were 
cultured, the axillary buds started growing out within two or three days 
after the cultures were started. Several collateral buds are present in the axil 
of a leaf. It seems that a bud in the centre of these is usually the first to 
grow out. The shoot developed from this bud will, for convenience sake, be 
referred to below as the central axillary shoot. 

In many cultures no roots developed or they only formed a few weeks 
later. They could then be found at the base or the nodes of the original stem 
segment, or on the nodes of the new shoot growth, both below and above 
the surface of the agar medium. Except for atmospheric humidity, no rela- 
tion could be found between root formation and the environmental factors 


tested. 
The central axillary shoots at first grew straight up with long or short 
internodes and with small yellow scale-like leaves (Figures 1 and 2a), or 
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Figure 2a. Potato stem apex culture, on medium with 5 per 
cent sucrose, grown in dark. The axillary shoot is bending at 
the tip, after first growing upright. — b. Potato stem segment 
culture, on medium with 1 per cent sucrose, grown in light. 
The leaves are comparatively well developed. Lateral branches 
with small leaves are developing at one of the nodes of the 
first formed shoot. 


somewhat larger, relatively normal looking green leaves (Figures 2b and 
3d), depending on external conditions. 

In the axils of many of these leaves, secondary lateral shoots were com- 
monly produced. The stems of these secondary lateral shoots were normally 
much thinner than the main shoot. They invariably carried only small scale- 
like leaves, were very hairy, often pink in colour and in general they seemed 
to resemble underground stolons more closely than the central axillary 
shoots did. 

When the central axillary shoot remained upright for some time its tip 
occasionally thickened to form a tuber before it even reached the cotton 
wool in the neck of the test tube. In some cases the stem first bent down- 
wards and then formed a tuber at the tip (Figure 4a). 

The fact that tubers could be formed at the tips of upright stems is not 
in agreement with the theory of Ito and Kato (1951) that some unknown 
substance, which induces tuber formation, is translocated in a downward 
direction. 

In other instances, no tubers were formed, and the apex of the stem 
pressed its way up between the cotton wool and the glass of the tube 
(Figure 3b). If prevented from growing further upwards, it became de- 
formed or grew horizontally along the base of the cotton wool (Figure 3 c). 

The most striking behaviour was exhibited by central axillary shoots 
which, after growing upwards for some time, then bent at the tips (Figure 
2 a) and grew straight down towards the medium (Figure 4b). Some shoots 
only started growing downwards after they had been pressed up against the 
cotton wool for some time. When the shoot grew into the agar, its apex 
usually became transformed into a tuber. This prevented any further elonga- 
tion of the shoot. Sometimes, however, no tuber formed at the tip and the 
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Figure 3. Potato shoot growth in vitro; a, b and c in darkness and d and e in light; 
a, band d with 1 per cent sucrose and c and e with 5 per cent sucrose. — a. The central 
axillary shoot and lateral branches are all growing upright. — b. The central axillary 
shoot is pressing between glass and cotton wool. The upper lateral branch is still growing 
upright. The lower one is bending downwards. — c. The central axillary shoot is growing 
horizontally along the base of cotton wool. A lateral branch is growing downwards, 
beginning to form one tuber laterally in the air, and an apical tuber in the agar. — 
d. A shoot with well developed leaves formed in the light and with a 1 per cent sucrose 
concentration. — e. Leaf development suppressed by strong sugar concentration in light. 
Direction of growth of the shoot is uncertain. 


shoot continued growing, changed its course and grew up into the air again. 
A repeated growing into and out of the agar was occasionally observed. 

In contrast to this continuous growth, the central axillary bud on the 
original stem segment in many cases did not grow out to form a shoot. 
Instead it produced a swelling which formed a sessile tuber at the node of 
the stem cutting (Figure 5 a). Most intriguing of all the variations observed, 
were the instances where the abovementioned enlargement of the axillary 
bud did not continue for long. Instead small lateral branches grew out and 
then down on one, or both sides of the swelling. At the tips of these branches 
the tubers, hanging down like small pendants, were formed, sometimes in 
the air or sometimes in the’agar (Figure 5b). 

The production of the tubers at any of the nodes of the central axillary 
shoots on their lateral branches was a common occurrence. In Figure 4 b one 
tuber is seen on the node of the curved main shoot and another is being 
formed at the tip of a short lateral branch. In most cases, the lateral shoots 


642 MARGARETHA G. MES AND IRMGARD MENGE 


Figure 4. The formation of the potato 
tubers in vitro in darkness with 5 per 
cent sucrose. — a. The central axillary 
shoot grew upright and, after bending 
slightly, formed a tuber at its apex. — 
b. The central axillary shoot first grew 
upright and then bent downwards. Two 
tubers are being formed, one at a node, 
and one at the tip of a lateral branch. 
c. The central axillary shoot grew 
upright against cotton-wool. A lateral 
branch grew down and formed a tuber 
in the air at its apex. — d. A culture of 
an older stem segment from the base 
of a potato plant. The central axillary 
shoot is growing upwards. A lateral 
axillary shoot grew into the agar and 
formed a tuber at its apex. 


grew out from at least some of the nodes. These, more often than not, grew 
downwards and then produced tubers at their nodes and (or) at their tips, 
either in the air or in the agar (Figures 3 c, 4c, and 5c). Although the lateral 
branches from their very inception were more inclined to grown downwards 
than the central axillary shoot, they sometimes also grew upright, depending 
on their environment. In Figure 3a all shoots are still growing upwards. 
In Figure 3b the upper lateral shoot is still growing upwards, whereas the 
older one in the middle is beginning to bend downwards. 

Other shoots which behaved in a variety of ways were those which later 
sometimes grew out from the axillary buds on both sides of the central 
axillary shoot on the original stem cutting. Generally these lateral axillary 
shoots were thinner and also more stoloniferous than the central one. Often 
they curved over immediately into the medium to produce tubers laterally 
at their nodes or at their tips (4d and 5d). In some cases these lateral 
axillary buds did not grow out to form shoots but enlarged to form sessile 
tubers which were then to be found at the base of the central axillary shoot. 
When the central axillary bud had been transformed into a sessile tuber, one 
or two of the lateral axillary bud sometimes grew out to form shoots. In 
many instances, however, these lateral axillary buds remained dormant. 

In summary it may therefore be said that all buds, both lateral and apical, 
on the original stem segments and on branches which grew out in the 
cultures, were potentially capable of enlarging to form small tubers. When 
any of the buds developed into shoots, these shoots either grew upright or, 
depending mainly on the origin of the shoots and on environmental condi- 
tions, as will be discussed later, they grew downwards at some time or other. 
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Figure 5. Potato stem segments grown in the dark with 5 per cent sucrose. — a. An older 

stem segment from the base of a potato plant grown at 26.5° C. A tuber formed directly 

at a node of the stem segment. — b. Tuber formation started as in 5a, then a bud on 

the swelling formed a lateral shoot which grew downwards and formed a tuber in the 

agar. — c. A tuber formed in the agar at the node of a lateral branch growing downwards. 
— d. A lateral axillary shoot, growing into the agar, forming a tuber at its apex. 


A final characteristic of the stems which may be mentioned is that the 
epidermis cells of the stem segments covered by the agar, often started to 
proliferate and formed tufts of white, protruding cells, scattered over the 
surface of the stems. 


2. Description of the Tubers and Starch Grains 


After the tubers first became visible, growth was fairly rapid for the first 
few days. Afterwards it gradually slowed down. The tubers never reached 
a considerable size, even when the cultures were kept at a high humidity 
to prevent drying out. The largest diameter measured was 9.6 mm. The 
shape of the tubers varied from nearly circular (Figure 4) to long and pear- 
shaped (Figure 5d). Irregular shapes were sometimes found, particularly 
on the 5 per cent sugar concentration in light. In this case the tubers where 
often club-shaped or elongated and small leaves often grew out on them. 
Similarly shaped swellings of buds and even petioles have been observed 
in the autumn on old Aram Chief potato plants grafted on tomato rootstocks 
growing in the open ground. Occasionally the apical bud of the tuber formed 
in vitro renewed its growth after a time and formed another shoot. 

When cultured in the dark, the colour of the tubers was brownish-yellow 
like ordinary new potato tubers. They were all covered with a thin layer of 
periderm containing a number of lenticels. The surface of the tuber was 
smooth when it formed in the air but in the agar the lenticels protruded and 
were easily visible as small white spike-like projections (Figures 1 and 5b). 
When grown in the light the colour of the tubers varied from green to a very 
dark purple. This purple colour was found especially in the tubers formed 
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above the agar medium. The purple pigment, probably anthocyanin, was 
found in the vacuoles of one or two layers of cells just beneath the periderm. 

The cells of the tubers were tightly packed with starch grains. The latter 
varied considerably in size but were always very small compared with starch 
from normal sized tubers. The largest grains which were measured, were 
about 30 u long. Smaller ones, however, were more common. Both simple 
and compound grains were present. 

Professor N. P. Badenhuizen of the University of the Witwatersrand, who 
is well known for his work on starch (1949), kindly examined the starch 
grains from tubers produced in the dark at constant temperature and from 
tubers produced at constant temperature but in alternating light (twelve 
hours) and darkness (twelve hours). His first observations were that layering, 
though present in the starch grains grown under constant conditions, was 
less distinct than in those grown in alternating light and dark. He suggested 
that, if the humidity were also more rigorously controlled, the layers might 
disappear altogether. Two further sets of tubers were therefore grown. The 
one set was again grown in alternating light and darkness. The other set 
was placed in the dark under a bell jar over a saturated solution of potassium 
chloride, giving a relative humidity of about 85 per cent at a constant tem- 
perature of 26.5° C. Professor Badenhuizen reported that in this case the 
differences in layering were even less distinct. In many of the starch grains 
from tubers grown in a constant humidity in the dark at a temperature of 
26.5° C, the layers were more clearly visible than in the starch grains formed 
in alternating light and darkness at 18° C. 

Recently we again examined starch grains from cultures kept in closed 
plastic boxes with moist cotton wool at 18° C. and at 26.5° C. both in con- 
stant darkness and under continuous artificial light. For comparison, starch 
grains of similar size, but obtained from small, very young tubers, harvested 
from normal potato plants growing outside in pots under natural summer 
conditions, were examined. Again layering was visible in all cultures. Although 
the layers were more distinct in the starch grains of the normal potato 
plants than in the cultures grown under constant conditions, they were still 
quite clearly visible in starch grains from cultures grown at 18° C. under 
continuous light. In cultures grown in continuous darkness at 18° C. or at 
26.5° C. layers were only faintly visible but were still definitely present. 
The observations that the layers are present under constant conditions, con- 
tradicts the common belief (Bonner and Galston, 1952) that layering is 
entirely due to changes in environment, particularly to alternating light and 
darkness. It seems more likely that the layers are formed under the influence 
of some endogenous rythm in the sense of Biinning (1953) and that external 
conditions only decrease or increase the intensity of the process, as has been 
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found to be the case in many other physiological phenomena, which hardly 
ever proceed at a constant rate even in a strictly controlled environment. 


3. The influence of various factors on shoot growth 
and tuber formation 


One of the first factors studied, was the influence of the age and the 
origin of the stem segments on their behaviour in culture. The environ- 
mental factors which were tested were temperatures of 18° C. and 26.5° C. 
combined with continuous light or darkness, and alternating light and dark- 
ness. The influence of variations in sugar concentrations and of a few other 
changes in the composition of the medium were also studied. The effect of 
each factor varied as others were changed, and any one factor was therefore 
seldom independent in its effect on growth. As a result it is impossible to 
discuss the influence of a particular factor separately from the others. As 
far as possible however, stress will be laid on each one in turn in the 
following discussion. 

A) Influence of type and age of culture material. Preliminary experiments, 
as mentioned before, showed that young stem apex cultures took many 
weeks before new growth started. The shoots which formed were generally 
relatively thin and somewhat stoloniferous (Figures 1 and 2a). Although 
they eventually showed the usual characteristics and formed tubers, this 
slow growth was a great drawback. Young potato sprouts were similarly 
found to be slow growers. Young sprouts which had developed from the 
eyes of the seed potatoes and had been hardened or greened in light, were 
cut off and transferred to the culture media. Roots grew out at the base of 
these sprouts within a few days but the sprouts themselves showed no 
growth for many weeks. The tips of the sprouts often shrivelled up. No 
further experiments were carried out with this type of material. Etiolated 
sprouts such as used by Barker (1953) were not tested. 

Because small stem segments were found to be ideal for most purposes, 
the reactions of segments taken from the younger, upper parts of potato 
stems were compared with those of segments taken from the older basal 
parts of the same stems. A comparison was also made between segments 
from 4 to 5 week old plants and segments from 7 to 8 week old plants. From 
many points of view the older basal segments and those from older plants 
were found to be less satisfactory than the younger ones. It took several 
days longer for the axillary buds to start growing. several CHI SG 
no growth at all and there was generally more loss due to infection. Growth 
of new shoots which did form, was generally slower than growth of shoots 


on younger stem segments. 
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Shoot growth on older stem segments was very poor with 5 per cent 
sucrose in the dark. Under ihese conditions tubers were produced after several 
weeks, usually at the nodes on the stem segments (Figure 5 a), or on short 
branches growing down into the agar (Figures 4 d and 5b). Under the same 
conditions young stem segments produced actively growing shoots (Figures 
3c and e, 4a, b, and c). It may be possible that in older stem segments 
there was a deficiency of auxin and that, because of this deficiency, par- 
ticularly when it was combined with a relatively high sucrose concentration 
in darkness, shoot growth was limited. These same conditions could, how- 
ever, favour tuber formation. According to Ito and Kato (1951), decreased 
auxin supply stimulates the formation of tubers. In the light some auxin 
was perhaps formed by the green stem cells, resulting in improved shoot 
growth. The younger apical stem segments, on the other hand, could be 
expected to contain more auxin and therefore possibly showed vigorous 
shoot growth when the sugar concentration was not limiting. Experiments 
with auxin are in progress. 

Older stems which were hollow never gave satisfactory results and were 
more difficult to sterilize. 


B) Influence of the composition of the agar medium. The sugar con- 
centration in the agar medium had a strong influence on the behaviour of 
the potato stem cultures. A 5 per cent sucrose concentration was, as has been 
mentioned, unfavourable for shoot growth with older stem segments. With 
young stem segments, however, in both light and dark, a 5 per cent sucrose 
concentration was more favourable for shoot growth and it was more 
favourable with both young and older stem segments for tuber formation 
than a i per cent concentration. The stems of the new shoots on younger 
stem segments were thicker with 5 per cent sucrose, and in the dark tubers 
usually formed after three weeks. Occasionally, however, tuber formation 
took place within a much shorter period. The shoots sooner or later grew 
downwards (Figure 4b) whereas with a 1 per cent sucrose concentration 
they normally remained upright (Figure 3a). With a 1 per cent sugar con- 
centration, in all cultures, tubers were only occasionally formed in the dark 
and then only after a much longer interval. A 1 per cent sucrose concentra- 
tion, in the presence of light was much more favourable for the development 
of leaves than a 5 per cent sucrose concentration in the case of both young 
and older stem segments (compare Figure 3d with Fig. 3 e). 

In a few preliminary experiments, the influence of 5 per cent glucose, 
5 per cent fructose, 5 per cent maltose or a mixture of 2.5 per cent glucose 
with 2.5 per cent sucrose was compared with that of 5 per cent sucrose. All 
cultures were kept in the dark at 26.5° C. Tubers formed with all the sugars 
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tested and no obvious differences were visible. In this set of cultures most 
of the tubers formed, without shoot development, at the nodes on the original 
stem segments (Figure 5a). 


In most experiments the culture medium was made up with Knop’s 
nutrient solution, but in two experiments for testing different sterilizing 
treatments, the culture medium consisted only of a 5 per cent sucrose solu- 
tion with 0.75 per cent agar. Older stem segments were used and tubers 
were formed in these cultures in about three weeks, mostly at the nodes 
of the stem segments, or on short lateral branches growing into the agar 
(Figure 5b). 

For tuber formation, therefore, only a relatively strong sugar concentration 
was necessary. There were no other special nutritional requirements, apart 
from what may have been present in the original stem segments, or as 
impurities in the culture medium. A strong sugar concentration was generally 
also favourable for shoot growth but unfavourable for leaf development. 


C) Influence of light and darkness. The fact that the potato stem cultures 
behaved differently in light and in darkness, has already been referred to 
above. Alternating light and darkness had the same effect as continuous 
light and will therefore not be discussed separately. 

The most striking effect of light was that it caused a considerable im- 
provement, as compared with darkness, in the growth of older stem segment 
cultures, both with 5 per cent and with 1 per cent sucrose, and also of 
young stem segment cultures with 1 per cent sugar. Figure 3a illustrates 
a typical dark culture and Figures 2b and 3d typical light cultures with 
1 per cent sucrose. The stems of the latter were more sturdy and the leaves 
were, as could be expected, much better developed than in the dark. With 
5 per cent sucrose in the light (Figure 3e) the leaves were smaller than 
with 1 per cent (Figure 3d) and tubers were eventually produced. Tubers, 
stems and leaves in the light showed the dark purple colour described before, 
particularly with 5 per cent sucrose. The direction of growth of the stems 
in light with 5 per cent sucrose was somewhat uncertain. The stem apex 
often alternately grew downwards and upwards, or horizontally (Figure 3 e). 

In the dark new shoots, formed on young stem segments with 5 per cent 
sucrose, were typically etiolated. The thick white stem grew fairly rapidly 
with long internodes and small scale leaves. In most cases the stems even- 
tually curved over and grew downwards. Typical cultures of this type are 
shown in Figure 4a, b, and c. 

Light, therefore, delayed tuber formation but was favourable for the 
growth of older stem segments under all conditions, for shoot growth of 
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young stem segments with 1 per cent sugar, and always favourable for leaf 
development. 


D) Influence of temperature. The two temperatures of 18° C. and 26.» 
which were used, did not have a very striking influence on the growth of 
potato stem cultures. The general behaviour was the same at both tempera- 
tures. Growth of the shoots, both in light and in the dark, was slightly faster 
at 26.5° C. except in the case of the older stem segments, where growth was 
better at 18° C. Shoots in the dark with 5 per cent sugar seemed to bend 
over and grow downwards sooner and more regularly at 18° C. than at 
26.5° C. and tuber formation also took place some days earlier at 18° C. In 
the light with 5 per cent sugar lateral axillary buds on the original new stem 
segment seemed to grow out more often at 18° C. They then grew straight 
down into the medium. 


E) Influence of humidity. In the first experiments which were carried 
out, test tubes with cultures were kept in open baskets and the agar generally 
dried out after a time, depending on the humidity of the air. In later experi- 
ments the test tubes were kept in closed plastic boxes on moist cotton wool. 
In one experiment a set of cultures was divided into two groups, the one 
being kept in an open basket and the other in a closed plastic box. 

It was found that high humidity favoured root formation on the original 
stem segments as well as on the nodes of new shoots above the medium. 
A drier atmosphere often caused a premature dying off of the young 
shoot tips. 


Summary 


Potato shoot growth and tuber formation was studied in vitro. For this 
purpose defoliated apical stem segments, consisting of two nodes, and cut 
from relatively young plants, were found to be the most satisfactory material 
for sterile cultures on a nutrient agar medium. Older basal stem segments 
were sometimes also used. 

One or more axillary buds grew out at the nodes of the stem segments to 
form new shoots, or they enlarged to form sessile tubers. On the shoots 
formed in culture, all buds, lateral and apical were potentially capable of 
producing tubers. The central axillary shoot, or other axillary shoots, and 
any of their lateral branches, often grew downwards and formed tubers in 
the agar medium. 

Tuber formation was stimulated by a relatively high sucrose concentra- 
tion (5 per cent), by darkness and possibly a relatively low temperature of 
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18° C. Absence of various mineral nutrients did not prevent tuber formation 
and other sugars could replace sucrose in the culture medium without any 
obvious detrimental effect on the production of tubers. 

In the starch grains of tubers formed under constant conditions of light, 
temperature and humidity, layers were visible and layering in starch grains 
can therefore not be solely due to the influence of alternating light and 
darkness. 

Shoot growth of young stem segments was stimulated by a combination 
of high sucrose concentration (5 per cent) with darkness and a relatively 
high temperature of 26.5° C., whereas a relatively low sucrose concentration 
(1 per cent) and light stimulated leaf development. With 1 per cent sucrose 
shoot growth was better in light than in darkness. Light was also favourable 
for the shoot growth of older stem segments under all the conditions tested. 

The older basal stem segments with 5 per cent sucrose in the dark often 
formed sessile tubers at their nodes but showed very little new shoot growth. 
It is possible that a relatively low auxin content, when combined with a 
relatively high sugar concentration, may have been responsible for both 
these phenomena. 

A high atmospheric humidity seemed to be the only external factor which 
had any marked favourable effect on root formation. 

This work was supported in part by grants from the South African Council of 
Scientific and Industrial Research and the Division of Agricultural Education and 
Research. 
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Stomatal Behaviour in Alkaline Solutions 
By 
F. A. AMER 


Botany Department, University of Southampton 
(Received April 26, 1954) 


Introduction 


It has long been known that, on immersing epidermai strips in buffer 
solutions, changes in both stomatal aperture and starch content may result 
such that if the stomata open the starch content is reduced, (Small et al., 
1939, 1942, Said and Tolba, and Tolba 1950). It has usually been suggested 
that the main factor controlling such changes is the pH of the solution; but 
the results obtained are not easy to interpret entirely on this hypothesis, 
since the effect varies not only with pH but also with the precise buffer in 
use. Arends (1926) obtained similar results with neutral salts, i.e., stomatal 
opening accompanied by starch reduction. He attributed his results to the 
effect of the penetrating ions on the activities of the guard-cell amylases. 
With pure bases, however, he observed the unexpected combination of 
stomatal closure and disappearance of starch; his explanation of this dis- 
crepancy was that starch is hydrolysed in such circumstances to osmotically 
inactive substances. This observation has long been in puzzling contradiction 
to the well-established principle (vide, e.g., Sayre, 1926, and Scarth, 1932) 
that an increase in alkalinity favours stomatal opening. 

However, class experiments in these laboratories on a number of occa- 
sions, using moderate concentrations (1/50-N) of KOH and NH,OH, have 
shown an erratic stomatal opening as well as a decrease in starch content. 
That Arends failed to demonstrate such opening may thus be due to a time 
effect; in his investigations, the strips were first examined after 4 hours’ 
immersion in the alkali, while the class experiments showed such opening 
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in intervals varying from 10—30 min. This suggests that stomatal opening 
does in fact occur, but is transitory. 

With this in mind, a more precise study of the effect of alkalis on stomata 
seemed desirable. This communication outlines the results of experiments 
in which both KOH and NH,OH were again used, though over a wider 
range of concentrations and at shorter intervals of time, accompanied by 
the use of more accurate methods of starch estimation. 


Experimental Methods 


The experimental solutions were 1/20-N and ‘/50-N solutions of potassium 
and ammonium hydroxide. Strips from the lower epidermis of Pelargonium 
zonale var. ‘Paul Crampel’ were immersed in glass distilled water at 10 a.m. 
in the morning. They were then quickly transferred to the appropriate 
alkali. Every 5, 10, 20, 30, 60, 90 and 120 minutes, a strip was withdrawn 
and the aperture of 20 stomata (chosen at random) was measured with an 
ocular micrometer. Using a X 10 eyepiece and a 1/6” objective, each eyepiece 
unit represented approximately 1.25 u. 

For the starch determination, a second strip was withdrawn at the same 
time, fixed in absolute alcohol and stained with Heath’s reagent (Heath, 
1947). The starch area was then estimated by the use of the »scoring» 
method of Williams and Barrett (1953). 

As a further test of the condition of cells so treated, neutral red penetra- 
tion tests were performed. After thorough washing of the alkali-treated strips 
in glass distilled water, they were stained for 5 minutes in 0.1 per cent 
aqueous neutral red, and examined microscopically. 


Results 


(a) Controls in distilled water. — In order to confirm that immersion in 
water alone has no opening effect, two blank experiments were carried out 
in which distilled water was used in place of the alkali solutions. The 
resulting mean changes in aperture and starch are shown in Figure 1, from 
which it is clear that the stomata slowly close. The starch changes are 
erratic, and it would be unwise, on 2 replicates only, to place much reliance 
on the large initial increase; but it is evident that there is no long-term 
reduction in the level of starch as compared with the initial value. The 
vacuoles of virtually all the stomata strongly accumulated neutral red. 


(b) Potassium hydroxide. — The results are shown in Figure 2, in which 
the fiducial limits represent 10 per cent probability points, calculated 
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indirectly from the ranges. Both concentrations cause an increase in the 
stomatal aperture during the first few minutes of treatment, this increase 
being more pronounced and of longer duration in the !/so-N solution. 
Associated with this opening is an immediate drop in starch content; but the 
subsequent closure is not accompanied by any further change in starch. 

I suggest that bathing the strips in alkali increases the permeability of the 
stomatal membranes, so that the alkali penetrates with increasing rapidity; 
inside the cells the potassium ions activate the hydrolysis of starch to soluble 
sugars, thus increasing the internal osmotic potential. The stomata conse- 
quently open; but with the lapse of time the permeability continues to 
increase and the sugars themselves diffuse out, thus bringing about stomatal 
closure. The longer duration of the opening phase in the lower concentration 
indicates a less effect on permeability and consequently a lower rate of exit 
of sugars. (That potassium enters a cell more rapidly from a more alkaline 
solution was shown by Seifriz (1936)). The discrepancy in effect between the 
two concentrations is most likely attributable to the OH~ ions; Thatcher 
(1921, p. 8) has stated that potassium ions are not themselves harmful to 
the cell, and that their effect is largely due to the associated anion. 

Uptake of neutral red was considerably more erratic than in the water 
controls. On a cell-count basis, the uptake was about 50 per cent of that in 
water, tending to be less in the higher concentration. 
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Figure 2. Effect of immersion in !/so-N and 1/20-N KOH. (Starch, 4 replicates; +/20-N aperture, 
6 replicates; !/so-N aperture, 8 replicates; fiducial limits are 10 °/o points). 


An attempt was made to repeat the experiments using 1/1000-N KOH. This 
produced a slight decrease in aperture and a slight, erratic decrease in starch. 
It is possible that in this case starch hydrolysis was not sufficiently extensive 
to increase the osmotic potential to a level at which it might induce further 


opening. 


(c) Ammonium hydroxide — The results obtained are shown in Figure 3. 
Although there was stomatal closure in both concentrations, examination of 
the range of variation shows that there was in some cases an initial opening 
during the first ten minutes in the case of the 1/5o-N solution only. Starch 
content again decreases, but less clearly in 1/29-N than in the same concenira- 
tion of KOH. 

Gray (1931) claims that acids and alkalis penetrate cells as undissociated 
molecules, a fact particularly likely to be true with bases as weakly dis- 
sociated as NH,OH. He also states that weak bases have a more rapid and 
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Figure 3. Effect of immersion in 1/s0-N and 1‘/20-N NH4gOH. (Starch, 4 replicates; 1/20-N 
aperture, 8 replicates; 1/s0-N aperture, 6 replicates; fiducial limits are 10 °/o points). 


profound effect upon intracellular processes than have the same concentra- 
tions of strong bases. These statements appear to hold good in the present 
case. Ammonia, being a weak base, enters the cell at a higher speed and, as 
in the case of potassium, activates starch hydrolysis (cf. Fruton, 1953, p. 801); 
but the sugars diffuse out so rapidly that opening is usually suppressed. 
The effect on the permeability is clearly much greater in this case, and 
suggests that irreversible changes have been induced in the protoplasm; 
this is confirmed by the fact that strips which have been immersed in NH,OH 
no longer accumulate neutral red. Moreover, the less striking decrease in 
starch in the 1/20-N solution is also consistent with a rapid and deleterious 
effect of the ammonia on all cell activities. 


(d) Effect of removal of alkali. — The neutral red observations suggest 
that NH,OH has damaged the cells seriously, but that KOH has done so to 
a less extent. This is supported by the behaviour of strips that are returned 
to water at the end of the experimental period. Strips previously immersed 
in KOH show a slight opening, suggesting that on removal of the KOH the 
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semipermeability of the membrane is partly restored; strips previously 
immersed in NH,OH do not change. In neither case was there any measur- 
able increase in starch. 


General Discussion 


It is clear that these simple observations suffice to explain the apparently 
anomalous results of Arends; nor is it necessary to postulate the formation 
of soluble but osmotically inactive polysaccharides, though the results given 
here provide no evidence for or against their presence. In any case, Arends’ 
suggestion that the starch might be broken down to oxalic acid does not 
seem particularly helpful. 

As for the pH status of the solutions, it is noteworthy that the more alkaline 
solutions (KOH, with calculated pH values of 12.7 and 12.3) cause less 
damage than the less alkaline (NH,OH, with calculated pH values of 11.0 
and 10.8). In any case, the solutions readily absorb CO, from the air and all 
rapidly fall to pH values of the order of 9.5 (measured with a glass electrode) 
without losing the differential effects of the K and NH, ions. Evidently, the 
precise cation present, within wide limits, is of greater importance than the 
pH; this is in accordance with the observations of Arends and of Williams 
and Shipton (1950) that neutral unbuffered salt solutions will themselves 
bring about stomatal opening. 


Summary 


1. The observation by Arends (1926) that when epidermal strips are im- 
mersed in dilute solutions of free alkalis the guard-cell starch is decreased 
but the stomata close, is shown to be due to a time effect; in dilute KOH 
there is a transitory opening, followed by a closure. 

2. The phenomenon can be satisfactorily explained by postulating the 
activation of guard-cell amylases by the entering cation, and the effect 
of the latter on the permeability of the guard-cell membranes. 

3. NH,OH is considerably more toxic, and the opening phase is usually 
suppressed; the cell is irreversibly damaged. 

I am greatly indebted to Professor W. T. Williams for the suggestion and super- 


vision of this work, which was carried out during the course of a wider investigation 
made possible by the award of a grant from Cairo University. 
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Nutritional Requirements of a Glutathione-deficient Strain 
in Ophiostoma 


By 


ESKIL WIKBERG 
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(Received July 4, 1954) 


In a previous paper there were described briefly some new types of bio- 
chemical mutations of the Ascomycete Ophiostoma multiannulatum. (Wik- 
berg and Fries 1952). One of these, W 302, glutathione-less, was of special 
interest because it represented one of the very few organisms Known, to 
require a peptide for growth. A study of this strain might offer a possibility 
for the microbiological determination of GSH, and also affording some 
information as to the metabolism of this peptide. In the present communica- 
tion some results from a study of the nutritional requirements are reported. 


Materials and methods 


The strain has been kept alive through re-inoculations every fourteenth 
day on a complete agar medium, consisting of a basal nutrient solution 
supplied with 0.25 per cent yeast extract (Difco), 2.5 per cent malt extract 
(Vitrum) and 1.5 per cent agar. The cultures were stored at 2° C. During 
the course of the work it proved necessary to add 0.01 per cent GSH to this 
medium. The basal nutrient solution used was modified medium 3 of Fries, 
containing glucose, inorganic salts and certain organic compounds. The latter 
consisted of the vitamins B, and B, (each 0.1 ug per 10 ml), asparagine (1 mg 
per ml) and meso-inositol (10 ug per ml). (Fries 1949). In the quantitative 
studies the cultivation method employed was essentially the same as the 
one used earlier by Fries. (Fries 1949). The fungus was thus cultivated in 
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tubes shaken mechanically at 30° C, each containing a final volume of 10 ml 
nutrient solution. The growth was followed photometrically in a Beckmann 
Spectrophotometer model B at 650 mu. All cultures were run in triplicate. 
Thermolabile or easily oxidizable compounds were sterilized by filtration 
through sintered glass bacterial filters prior to aseptic pipetting into the 
autoclaved basal medium in the tubes. The conidia for the inoculation were 
obtained from a 24 hour old conidial culture in shaken tubes with basal 
nutrient solution supplied with 1 mg GSH per tube. In the preliminary experi- 
ments, however, the inoculation culture was 2 days old. Before inoculation 
the conidia were washed twice with distilled water by centrifugation. The 
suspension was diluted until it contained 1 million conidia per ml. One ml 
of this final suspension was transferred to each tube. Some experiments 
were also performed in shaken Pyrex flasks (125 ml) supplied with 10 ml 
nutrient solution. A pyrex culture tube was melted into the side of every 
flask in order to permit photometrical measurement of growth in these 
cultures. 


Genetic data 


The strain 302 (+) has been crossed with wild type 56 (—). Out of 
30 strains isolated in f,, 8 proved to be wild types while the rest were auxo- 
trophs and all required GSH. A cross of the auxotrophic substrains obtained 
in f, with 56 (—) and 69 (+), wild type, showed that both the expected 
types of the mutant had segregated in f,, viz. 9 strains 302 (+) and 13 
strains 302 (—). The genetic studies thus show that the »glutathione-less» 
character is heritable and consequently a mutation. 

During the process of isolating the i-ascospore mycelia the observation 
was made that only a few percent of the spores germinated. Inhibition of 
ascospore-germination has not previously been observed with this fungus. 
The cause of the phenomenon is unknown. 


Qualitative studies 


By means of an auxanographic technique (Wikberg and Fries 1952) the 
effect of various growth factors was studied. Thus it was established that 
none of twenty-three amino acids nor any of the vitamins meso-inositol, 
thiamine, pyridoxin, pantothenic acid, nicotinamide, biotin, p-aminobenzoic 
acid, lactoflavine, folic acid or B,,, nor yet any of the various nucleic acid 
constituents, had any growth effect alone. Under these conditions ascorbic 
acid, too, was without effect. However GSH as well as GSSG were active. 
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All these compounds were also examined in combination with GSH. Then 
it transpired that L-cysteine was inhibitory while meso-inositol was the only 
stimulating compound. A weak positive effect was observed with L-cysteine 
and inositol in combination with each other. However L-cysteine and cysteic 
acid were quite inactive. In an attempt to prepare cysteinylglycine by partial 
hydrolysis of GSH according to Kendall et. al. (1930), an active compound 
was obtained. (Wikberg and Fries 1952). Later experiments showed, that 
except for cystinyl-bis-glycine the hydrolysis mixture contained unhydro- 
lyzed glutathione (as GSSG) and a mixed disulfide of GSH and cysteinyl- 
glycine. The three compounds were separated by means of paper electro- 
phoresis (Wikberg 1952) and afterwards tested auxanographically. Pieces of 
the paper with the compounds on were cut out and put on the surface of 
the auxanographic plates. The mixed disulfide and GSSG promoted growth 
while cystinyl-bis-glycine was without effect. A synthetic sample of cystinyl- 
bis-glycine was also quite inactive. On the other hand cysteinylglycine, 
prepared from the oxidized form according to Zittle and O’Dell (1941), 
promoted growth without inhibition. The sulfonic: acid derived from GSH 
was prepared by oxidation of GSP with performic acid (Sanger 1949) and 
purified by running in paper electrophoresis in acetate buffer pH 4.5, 
u=0.05. This compound was neither stimulating nor inhibiting. The same 
results were obtained with the addition compound of maleic acid and GSH 
prepared according to Morgan and Friedmann (1938) and purified in the 
same way. Owing to lack of effect in the auxanographic test these last 
mentioned compounds were not prepared in crystalline form. 


Quantitative studies 


Effect of GSH and GSSG. — In preliminary experiments, when the quanti- 
tative effect of GSH was studied, reversions into prototrofic strains made 
the determinations impossible. This was overcome by suppling the complete 
agar medium in the storage cultures with 1 mg GSH per 10 ml medium. 
Under these conditions prototrophs were entirely absent or only appeared 
in a few tubes in the shaken cultures. Yet the growth was erratic, and it 
was not possible to reproduce the results. This was traced to the age of the 
conidia for inoculation. Instead of a 2 day old transfer from the complete 
agar medium to liquid medium containing 1 mg GSH per tube, a 24— 30 hour 
old conidial culture was used for the inoculation. With these precautions 
the quantitative effect of various compounds could be studied with substan- 
tial reproducibility. Figure 1 shows some growth curves obtained when 
W 302 was cultivated with 0, 0.0005, 0.001, 0.003, 0.005, and 0.01 umol GSH 
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per tube. The controls did not show any visible growth. In this experiment 
as little as 0.0005 umol or 0.15 ug GSH promoted growth. In most experi- 
ments, however, the minimal active amount of GSH, »minimal active dose», 
was 0.003 pmol per tube. Below this concentration no growth appeared. 
A characteristic feature of the curves in fig. 1 is also the lag phase, which 
is lengthened with diminishing dose. 

The courses of the curves indicate that growth ceases after a certain time 
owing to lack of GSH. It could be reintiated if the conidia were filtered 
away and the culture medium was re-inoculated after being sterilized and 
supplied with GSH. On the other hand, if the culture medium was re-inocu- 
lated without GSH, no growth appeared. Therefore none of the other con- 
stituents in the medium are limiting factors. 

Figure 2 shows the results from an experiment with GSSG and GSH. The 
concentrations used were 0.0005, 0.001, 0.003, 0.008 umol GSH and equi- 
valent amounts of GSSG. The same type of growth curves were obtained. In 
this experiment no growth occurred below 0.0015 umol GSSG or 0.003 umol 
GSH per tube. 

Effect of L-cysteine and ascorbic acid. — Cysteine did not exert any 
positive effect when tested without inositol or when the inoculation culture 
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was more than one day old. The results shown in figure 3 were obtained 
when the organism was cultivated with 0, 0.01, 0.03, 0.3, and 1 pmol CySH, 
and 0.01 umol GSH. On molar basis CySH is about 1 per cent as active as 
GSH, taking the maximal extinction values as a measure. CySH did not 
support growth with 0.01 umol per tube, 0.03 pmol thus being the minimal 
active dose. As with GSH a lag period appears with CySH. In this case, 
however, the lag is lengthened with increasing dose, which indicates an 
inhibitory action of CySH. Still higher doses prevent germination of the 
conidia altogether. L-Cystine tested in the same experiment was without 
effect. Oxidation of cysteine to cystine may thus be one of the causes for 
the difference in activity of the former amino acid compared to that of GSH. 

Other SH-derivatives, which were tested in the same range of concentra- 
tions as L-cysteine were thioglycollic acid and thioetanolamin, both without 
effect, however. Whether the cause was inhibition of growth or oxidation 
of the compounds cannot be decided. The available sample of cysteinyl- 
glycine had lost its SH-groups and activity on account of oxidation during 
storage. Therefore no quantitative determinations could be made. 

In liquid culture ascorbic acid was active in promoting growth though 
in still higher quantities than L-cysteine. In one experiment 10 umol ascorbic 


662 ESKIL WIKBERG 


150 
pmol 
no 001 GSH 
D CySH 
R aye ! if 
100 
| (DS CySH 
° 
| ze Sl CySH 
0.50 | . 
yy Figure 3. Growth (extinction values) of 
sare W 302, glutathione-less in shaken tube 
cultures with L-cysteine and GSH (umol 
= pentube). 
5 10 


Time in days 


acid per tube gave E=0.85 and 3 umol E=0.62. In smaller amounts no 
effect was noted. In contrast to cysteine no inhibition appeared. The responses 
with ascorbic acid were erratic, however, varying from one experiment to 
another. 

Effect of carbon dioxide. — In order to examine whether forced aeration 
would exert any effect on the growth, the organism was cultivated in shaken 
Pyrex flasks (125 ml) with 0, 0.003, 0.005, 0.008, 0.01, and 0.03 umol GSH. 
The total volume of nutrient solution was 10 ml. Under these conditions no 
growth occurred below 0.01 umol GSH per flask, as compared to 0.003 umol 
or less in tubes. In addition a lag varying from one to two days appeared in 
these cultures. The maximal extinction values were about the same as in 
shaken tubes. The same results were obtained with GSSG. 

The conclusion must be drawn that the forced aeration had inhibited 
germination of the conidia in those flasks where the amount of GSH was 
less than 0.01 umol. Yet the inoculum of these flasks was alive at the end of 
the experiment (4—5 days). With an additional supply of GSH growth 
started immediately. 

In view of these results an attempt was made to cultivate the organism 
under conditions of varying oxygen tension. The experiments were per- 
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Table 1. Effect of various gas mixtures on the growth of W 302, glutathione-less. 
Incubation period 4 days. 


a | 
Mixture of gases Extinction value, 
| | 
| | 
| 0.5 0/0 COS aie oe es | 0 | 
| OL COS alter een: | 0.08 | 
| 1 % CO, — 75 0/0 air — 25 Yo N, 0.25 


formed with 10 ml basal medium in shaken flasks. The cotton plugs were 
replaced by rubber stoppers. Every flask was flushed with 2 litres of the 
appropriate gas mixture by means of two sterile 10 ml syringes the cannulae 
of which were pushed through the stoppers. To prevent infections the 
syringes were equipped with cotton filters. With various mixtures of air and 
nitrogen no success was achieved. With an additional supply of 1 per cent 
CO, growth started. (Table 1.) Each value represents an average obtained by 
the determination of the growth in two flasks. 

As usual a test for possible prototrophs was made by plating conidia from 
the flasks on basal medium. No prototrophic strains appeared. It is interesting 
to note that growth is initiated by CO,, and that a somewhat higher final 
extinction value is obtained when the oxygen tension is reduced. Nevertheless 
this metabolite cannot replace GSH. It is presumed that the amount of GSH 
of the inoculum is responsible for the conidia produced, and thus represents 
the limiting factor. Carbon dioxide is obviously a necessary growth factor of 


this strain. 


Conclusion 


Summarizing the results the following properties of the mutant are 
revealed. Glutathione is the most active of the growth factors tested. It 
promotes growth in minute quantities (0.0005—0.003 umol per 10 ml basal 
medium) both in the reduced as well as in the oxidized form. It is therefore 
a more specific metabolic than cysteine, cysteinylglycine and ascorbic acid. 
The two first mentioned compounds, and probably ascorbic acid, too, are 
active only in their reduced states and in larger quantities than GSH. (CySH 
0.03 umol per tube, and ascorbic acid 3 pmol per tube). It is probable that the 
activity of GSH must be ascribed to the cysteine part of the molecule. This is 
also corroborated by the fact that the sulfonic acid derived from GSH and 
the addition compound of GSH and maleic acid are without effect. The 
stimulating effect of carbon dioxide is well established. Whether require- 
ment of this factor is specifically needed by this strain cannot as yet be 
decided. It is difficult to explain the activities of cysteine and ascorbic acid, 
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if a total block in the synthesis of GSH is assumed. On the other hand the 
assumption of a partial block might explain these effects and also the high 
activity of GSH, 0.2 ug of which will produce c. 1 mg conidia (dry weight). 
This is a very low value in comparison with yeast, the GSH content of which 
is reported as 8—9 ug per mg dry weight (Astrup and Ohlenschlager 1948). 
Nevertheless decision on this point must be postponed until the GSH content 
of the organism is determined by chemical assay. 

On account of the responses to compounds other than GSH, this mutant 
probably cannot be used for microbiological determinations of GSH. 


This work was aided by grants from H.M. Konung Gustay VI Adolfs 70-arsfond 
för svensk kultur, and Eli Lilly and Company, Indianapolis. The author is indebted 
to Professor A. Tiselius for his valuable support and unfailing interest. My thanks 
are also due to Dr. Nils Fries. Institute of Physiological Botany, for stimulating 
advice and fruitful discussions. 
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Introduction 


Of the trace elements which have been investigated in plant nutrition, 
five have been generally accepted as essential elements. Others have been 
found to stimulate growth but have not been shown to be definitely required 
even though some of these are known to be essential for animals. Cobalt 
belongs in this latter group. It is required by animals, and various micro- 
organisms, including strains of algae, must be supplied with exogenous 
vitamin B,, of which Co is a constituent part (5). Co has also been shown 
to exert a growth promoting effect under certain conditions on excised 
plant tissues (6). In this latter role, however, cobalt is not acting as an 
essential element because relatively high concentrations (5 p.p.m.) are required, 
and a similar effect is obtained with Ni or with light. 

This paper reports the results of experiments which show that Co is a 
required nutrient element for the growth of blue-green algae, and provides 
information on the quantitative requirement for Co in these organisms. 
Nostoc muscorum has been used most extensively in these experiments, but 
the requirement for Co has been confirmed with three other species. 


Materials and Methods 


The four species used in these experiments (Nostoc muscorum, Calothrix 
parietina, Coccochloris Peniocystis, and Diplocystis aeruginosa) were bac- 
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teria-free cultures from stocks originally purified by irradiation with ultra- 
violet light (3). The culture technique employed was in general similar to 
that described by Gerloff et al. (4), with the following exceptions. (1) Micro- 
element contamination was held to a minimum by lowering the major 
element concentrations as much as possible without limiting algal growth. 
The basic culture solution used in most of the experiments was prepared 
from Na and Cl salts and had the following composition: Ca, 0.25 p.p.m.; 
K, 4.5 p.p.m.; P, 1.8 p.p.m;; S, 3.3 p.p.m.; Mg, 1.3 p.p.m,; Fe, 0:28 ppm, 
Na,CO;, 0.02 gm./liter; and Na,SiO, - 9 H,O, 0.026 gm./liter. In experiments 
with Diplocystis aeruginosa and Coccochloris Peniocystis, 20.4 p.p.m. 
NO,- N was also added. The purification of stock solutions of the major 
elements by standard procedures invelving precipitation, adsorption, or 
complex formation to remove minor element contaminants did not signi- 
ficantly hasten the onset of deficiency symptoms and was dispensed with. 
Hoagland’s A-Z minor element solution was employed in 1/25th the con- 
centration prescribed for higher plants. The elements were added from stock 
solutions of the A, B, and C subgroups in accordance with Arnon (1), except 
that Mo was transferred from the B to the A group, and these groups 
redesignated as A, and B, instead of A, and B,. The C,, elements were 
supplied from a common stock solution; the elements of the A; and B, 
groups were added either from individual or mixed stock solutions as 
indicated. (2) A small pyrex-glass loop rather than a pipette was used for 
inoculation, (3) The algae were harvested by centrifugation without the addi- 
tion of Al,(SO,), or adjustment of the pH. (4) All glassware was cleaned in 
K,Cr,0,-H.SO, solution, rinsed, further cleaned with 3 N HCl, and finally 
rinsed with pyrex-redistilled water. (5) Growth periods of 30—35 days were 
ordinarily employed. 

Growth was measured in terms of increases in dry weight and also in 
content of fixed nitrogen. The results of one experiment are presented in 
detail (Table 4) to indicate the accuracy and reproducibility of the results. 
Most other data are reported as averages of duplicate determinations. 


Results 
Cobalt Deficiency 


In experiments with Calothrix parietina and Nostoc muscorum, a marked 
difference in growth was noted between cultures which were supplemented 
with only the A; group (B, Mn, Zn, Cu, and Mo) and those which received 
in addition both the B, and C,, groups of Hoagland’s A-Z solution. As shown 
in Table 1, the element or elements responsible for this discrepancy is in the 
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Table 1. Ability of Co to substitute for the Bg group of elements in the nutrition of 
Nostoc muscorum. (Cultures: age, 29 days; volumes harvested, 400 ml.). 


| Treatment | Added micronutrients | Mg. dry wt.| Mg. N fixed 0/0 N Content) 
| | | 

A A; 63 4.01 6.34 

BR ire AS Be 74 5.48 | 7.44 
ni. AS Ges 62 383 | 6.22 
| D AB. 22 5.51 | 7.62 
een nenne: A, Co 77 5.84 | 7.56 
iE An vi 62 | 3.93 6.37 


B, group (Co, Cr, V, W, Ni, and Ti), for marked increases in dry weight and 
amount of nitrogen fixed were obtained when the culture solution was 
supplemented with B, solution alone. There was no response to the G;; 
solution either when it was supplied alone or in addition to the B, solution. 

Since two of the elements in the B, group, vanadium and cobalt, have 
been demonstrated to be beneficial to other organisms, these elements were 
tested first as possibly being responsible for the effect of the B, solution 
on algal growth. The results show (Table 1) that the addition of Co alone 
gives the same effect as the entire B, solution, and that V is without 
influence in these experiments. The results of the converse experiment, in 
which each B, element was separately omitted from the culture solution, 
show furthermore that Co is the only B, constituent that increases the growth 
under these conditions (Table 2). 


Criteria of Co Essentiality 


Although the above results strongly indicate that Co is an essential 
element for blue-green algae, to prove this point more conclusively experi- 
ments were designed to meet the following criteria of essentiality: 


Table 2. Effect of separately omitting each element of the Bg solution on the growth of 
Nostoc muscorum. (Cultures: age, 43 days; volumes harvested, 400 ml.). 


70 nn —— 


Treatment Element omitted Mg. dry wt. 
NE ne nee ereu se SOIC en Co 81 
Re Wange Zeus. were Ti 120 
un w 121 
1D) ccoude v0 Ro RREPERBEEEERELON SICH VEN, Ni 125 
FE ee pl en Ab Ode Een Cr 125 
Be a ee Vv 122 
(eh odie pon ete con: D RO done None 124 
ee sab cuoceeenarnoede Ti. W, Ni, Cr, V 122 
oc Cau A CREB a C HONOR AEE LE COU UREnaoGS all six 87 
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Figure 1. Response of Co deficient 
cultures of Nostoc muscorum to the 
addition of Co, A-Z, and (A-Z)-Co. 
Graph I, effect on dry wt.: graph II, 
effect on amount of N fixed. Curve A, 
controls with A-Z soln. added; curves 
B, C, D, and E, cultures receiving 
(A-Z)-Co at start of expt. and after 
41 days, curve C, Co; curve D, (A-Z)- 
Co; and curve E, A-Z solution. (Vo- 
lumes harvested, 400 ml.). 
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RN Ian 
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fo) 10 20 30 40 so 60 70 
TIME IN DAYS 


1) The element must have a positive effect on total growth, a criterion 
comparable with that for the requirement in higher plants that the element 
must permit completion of the normal life cycle. 

2) It must exert a direct physiological effect on the algae, i.e., it must 
not influence growth indirectly through an effect on nutrient balance, change 
in pH of the solution, etc. 

3) It should not be replaceable by another element. 

4) The deficiency should be »reversible». That is, upon addition of the 
element to cultures in incipient stages of deficiency, normal growth should 
ensue. 


5) The response to the element should be noted in a representative number 
of species. 


Evidence that requirements 1, 3, and 4 are fulfilled is presented in Figure 1. 
Replicate sets of cultures were supplied with A-Z solution without and 
with Co. After 33 days, when symptoms of Co deficiency (chlorosis) were 
evident in the former set, dry weights and N contents were determined in 
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Table 3. Growth promoting effect of Co on four species of blue-green algae. 
(Volumes harvested, 400 ml.). 
ee en ne en un 


| | Calothrix Nostoc | Coccochloris | Diplocystis! 
| | parietina muscorum | Peniocystis aeruginosa 
(59 days) (46 days) (12 days) (24 days) 
| Go | "Go Co | +Co | —Co | E Co | — Co | E Co 
; | | | 
Dry weicht, an -....-| 161 194 91 | 133 89 111 | 31 134 
Total N content, mg....| 8.42| 11.00 5.77 10.65 | 4.55 4.79 222 OC 
Nitrogen content, 0/0 ...| 5.22 5.66 6.37 8.03 | 5.12 4.28| 7.15 3.65 


1 Chelating agent present. 


four cultures from each set. On the 41st day the Co deficient cultures were 
subdivided into four sets and three of these, C, D, and E, were supplied 
with Co, (A-Z)-Co, and A-Z solutions respectively. Final determinations were 
made on the 68th day. Treatment C shows that normal growth is restored 
by the addition of Co alone; treatment D that it is not restored by the com- 
bination of all other elements of the A-Z solution; and treatment E that the 
A-Z solution with Co is no more effective than Co alone. 

In regard to the fifth criterion, it appears that Co is required generally 
by blue-green algae, as a response was demonstrated in all four species which 
were tested (Table 3). These include two nitrogen-fixing species, Nostoc 
muscorum and Calothrix parietina, and two non-nitrogen-fixing species, 
Coccochloris Peniocystis and Diplocystis aeruginosa. The culture solution 
used for Diplocystis aeruginosa contained 0.05 p.p.m. Fe chelated with 
EDTA (one mole Fe to two moles EDTA). The excess EDTA probably com- 
plexed the Co introduced as impurities and thus accounts for the severe Co 
deficiency noted in this experiment. 

A direct physiological effect of Co is difficult to demonstrate unless it can 
be shown that vitamin B,, or some other organic substance of which Co is 
an indispensible constituent is essential. However, the possibility that Co 
might influence the growth of the algae by either increasing the efficiency 
of utilization or lowering the toxicity of another element, rather than by 
a direct growth promoting action, would seem to be eliminated by two types 
of experiments as follows. The data in Table 4, graphed in Figure 2a, are 
from an experiment in which Nostoc muscorum was cultured in solutions 
with or without Co but with a wide range of concentrations of the other 
A-Z elements. It should be noted that the A-Z solution was modified by 
doubling the concentration of Mo and Mn relative to the other constituents. 
This was done because previous experiments had indicated these elements 
to be most likely to become limiting, and it was desired to cover as wide a 
concentration range of A-Z solution as possible and yet avoid toxicity effects 
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Table 4. Influence of decreasing concentration of A-Z solution on the effect of Co on the 
growth of Nostoc muscorum. (Cultures: age, 38 days; volumes harvested, 200 ml.). 


Dry wt. in mg. Mg N fixed 0/0 Total N 
| Conc. Co 2 Diff Diff Zn Diff. 
Treatment | (A-Z)-Co |added,| Per a a Per | Ha Perle he 
| soln. ps-/l. | culture |" "€ ae culture i eee culture | es | 
54 4.82 9.00 
A 3X 0.40 54 | 54 4.73 |4.81 8.81 | 8.96 
| 54 0| 4.88 0.53 | 9.08 1.01 | 
| 33 | 4.33 | 7.96 | 
B 3x None | 54 | 54 | 4.15 | 4.28 7.96 | 7.95 | 
| | | 55 | 4.37 7.92 
| | | 58 | 4.84 | | 8.28 
C a 0.404 54 | 56 | 4.68 | 4.86 8.68 | 8.61 
\| 57 | 4 5.05 0.88 | 8.87 1.03 
| 53 4.04 7.61 
D 2X [None 50 522 3.98 |3.98 7.66 |7.58 
52 | 3.91 7.48 
| 56 | 4.81 | 8.65 
I X 0.40 60 | 58 5.18 |5.09 | 87354873 
| 60 +4] 5.28 13%) | 8.81 1.82 
| 1 55 | 3.84 6.95 
F x None, 54 54 | 3.91 | 3.72 7.20 | 6.91 
| 52 | 3.42 6.59 | 
60 5.36 8.88 | 
G x/2 | 0.40 61 Gi 5.00 | 5.16 8.27 | 8.53 
61 NN 1.87 | 8.45 2162 
50 3.40 | 6.80 
H X/2 |None 50 | 49 3.34 | 3.29 6.69 | 6.71 
47 3.14 6.63 | 
60 4.85 8.03 
I x/4 | 0.40 60 | 59 4.80 | 4.67 8.02 | 7.93) 
57 +8] 4.37 1:46) 07.74 | 1.63 
51 3.31 6.46 | 
J X/4 |None 51 | 51 3.19 | 3.21 6.24 | 6.30 
50 3.21 6.19 | 


of too high concentrations of elements such as Cu and Cr. The results show 
that as the concentration of the micro-elements is reduced in the absence of 
added Co, both growth and amount of N fixed are correspondingly reduced. 
If the effect of Co were to overcome a toxicity due to one of the other A-Z 
micro-elements, the opposite of these results would be expected, i.e., growth 
in the cultures lacking added Co would increase as an inverse function of 
the A-Z level. The fact that growth increased to some extent in the Co 
deficient cultures with the increase in the A-Z concentration may be simply 
ascribed to the amounts of Co present as a contaminant in the A-Z solution. 

The above conclusion is supported by results shown in Figure 2b. In this 
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Figure 2. A. Influence of de- 
creasing concentration of A-Z 
solution on the effect of Co 
on the growth of Nostoc mus- 
corum. (Cultures: age,38 days; 
volumes harvested, 200 ml. 
Co concentration=0.40 ug./l. 
x on the abscissa=standard 
concentration of the A-Z solu- 
tion). 

B. Effect of decreasing Co 
concentration on growth of 
Nostoc muscorum in the pre- 
sence of high and low levels 
of (A-Z)-Co solutions. (Cul- 
tures: age, 40 days; volumes 
harvested, 200 ml. x on the 
abscissa—400 parts Co per 
103% 


% TOTAL N CONTENT 


MG. N FIXED 


DRY WEIGHT IN MG 
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[] HIGH: 2X [CA-Z) - Co) 


N 
Low: 2 Mo, MN 
= BPZNAEU; 
B6,AND Ci3 


Co. CONC. 


experiment two series of cultures were employed, one with a high and one 
with a low level of A-Z solution, and the added Co concentration was varied 
from zero to a higher than optimal level in each series. If Co acted merely 
by influencing the efficiency of utilization of another element, the difference 
between the effects of the two A-Z levels should either increase or decrease 
markedly as the Co concentration varied from low to high levels. The 
direction of the difference would depend on whether the relation of Co to the 
other element was of an antagonistic or stimulatory nature. The results show 
that both levels of (A-Z)-Co at each Co concentration give nearly the same 
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Table 5. Effects of varying the Mo and Co concentrations on the growth of Nostoc 
muscorum. (Cultures: age, 38 days; volumes harvested, 400 ml.). Mo and Co concentrations 
in parts per 10° (p.p.b.). 


en 
Micro-nutrients added in addition to A, group| Mg. dry Mg. N |N content, 
Treatment 0/ 
wt. fixed 0 
Mo, p.p.b. Co, p.p.b. 
Auer = = 90 4.81 5.35 
Be eee — 0.40 115 7.80 6.78 
Gere 0.40 = 90 4.84 5.38 
Deere 0.40 0.80 141 10.46 7.41 
ee 0.80 — 90 5.21 5.78 
Fées 0.80 1.20 140 10.51 U! 
Ge elle — 1.20 141 10.66 7.56 


effect on growth in terms of dry weight or nitrogen content. As already 
noted, the small differences which do exist between high and low A-Z levels 
are explainable simply by the Co contamination of the A-Z solution, while 
the general decrease in growth from treatment A to treatment L is due to Co 
deficiency. 

Bortels (2) has reported that V can partially substitute for Mo in the nutri- 
tion of various nitrogen-fixing blue-green algae and also of Azotobacter. 
The possibility of a replacement of Mo by Co was therefore investigated, 
but, the results obtained with varying proportions of Co and Mo in the 
nutrient solution, Table 5, give no evidence for such an interchange between 
these two elements in this study. 


Quantitative Co Requirement 


The effects of increasing concentrations of Co on dry weight and nitrogen 
fixed by Nostoc muscorum are shown in Figure 3. Maximum growth is 
obtained with added concentrations of 0.40 ug./liter (400 parts per 10! or 
p-p.t.) and definite responses are obtained with amounts down to 2 p.p.t. 
The increase in growth obtained with low concentrations of Co therefore 
represent an extremely sensitive physiological response which compares 
favorably with the most sensitive known responses of organisms to physio- 
logically active agents. It is far below the range of detection by chemical 
procedures. 


Discussion 


The present results establish a definite requirement of Co for the growth 
of blue-green algae. Since Co is a constituent of the vitamin B,, molecule, 
the question arises whether its role as an essential element ‘is related in part 
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or exclusively to its function in this capacity. Preliminary experiments have 
shown that the addition of as little as 0.075 ug. B,, per liter of culture solu- 
tion completely eliminates the requirement for added Co and that the yield 
obtained with this concentration of added B,, corresponds to the optimal 
yield obtained with added Co (0.20—0.40 ug./l). This suggests that the 
physiological activity per molecule of Co is many times higher when it is 
incorporated in the B,, molecule than when it is supplied in the free ionic 
form, and that the demonstrable quantitative requirement for Co is referable 
to a need for vitamin Bj. 

The fact that a nutritional requirement for Co can be readily demonstrated 
with blue-green algae whereas all attempts to do so with higher plants thus 
far have been unsuccessful may be due to quantitative rather than qualitative 
differences between these two groups of plants with respect to vitamin B,» 
requirements, but of course does not warrant the assumption that Co is 
essential for all plants. If the presence of B,, could be ascertained in higher 
plants, this would be strong indirect evidence for the essentiality of Co. 
Investigations of the B,, content of higher plants, however, have led to 
inconclusive results with most investigators agreeing that if B,, is present, 
its content in the aerial parts of higher plants must be, very low. Robbins 
et al, however, have reported the presence of B,, in the roots of 26 agri- 
cultural plants (7) and also in cottonbolls. However, they did not definitely 
exclude the possibility that the vitamin B,, might be derived from associated 
microorganisms. 

Evidence that the requirement for Co is independent of the nitrogen source 
is afforded by the demonstration of a Co requirement in Diplocystis aerugi- 
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nosa and Coccochloris Peniocystis, species which do not fix atmospheric 
nitrogen. It should be pointed out that generally it was much easier to 
demonstrate a Co response in the two nitrogen-fixing species than in the 
two species which do not fix nitrogen, and this quite likely is due to a lower 
quantitative requirement for Co in these latter species. Robbin’s data (8) for 
the B,, contents of bacteria-free cultures of the organisms used here were 
0.64 ug. B,, per g. dry weight of Calothrix parietina and 0.24 ug. per g. dry 
weight of Diplocystis aeruginosa. It is of interest, therefore, that Calothrix 
parietina, the species with the higher endogeneous vitamin B;, content also 
appears to have the higher Co requirement for normal growth. 

As the experiments with Nostoc muscorum reported here were performed 
in the absence of fixed nitrogen, a question arises concerning the extent to 
which the Co requirement might be related to a specific function in the 
nitrogen fixation process. Comparisons of Co requirements in the presence 
and absence of fixed nitrogen are complicated by the possible introduction 
of Co as an impurity with the fixed nitrogen source and also by a rapid 
increase in the pH during nitrate utilization. However, a few experiments 
in which the latter difficulty was not encountered indicated that Co is 
required for normal growth in the presence of fixed nitrogen. A similar 
problem has been encountered in the study of the function of Mo in nitrogen- 
fixing organisms. In the case of Calothrix parietina, a marked requirement 
for Mo was demonstrated in the absence of fixed nitrogen, but it could not 
be demonstrated in the presence of fixed nitrogen; however, a definite 
requirement for Mo in the presence of NO,” was found in Diplocystis aeru- 
ginosa, a species which does not fix its own nitrogen. 

The effects of Co have been presented in terms of total N content and 
percentage N content of the cells as well as in terms of dry weight. It should 
be noted that in many instances, particularly in incipient stages of Co 
deficiency, the lack of Co is more markedly and consistently reflected in 
the amounts of N fixed than in the dry weight data. In the nitrogen-fixing 
species, the minus Co cultures have a lower total N content and a lower 
percent N content. The non-nitrogen fixing species, on the other hand, 
although they also have a lower total N content, have a higher percent N 
content than the controls. This would indicate that even though the N content 
is influenced by cobalt, the primary action of the element is not directly 
concerned with the N-fixation process. Furthermore, although the N levels 
of the minus Co cultures are low, they probably are higher than the critical 
levels needed for growth. 

The quantitative relation between the Co and B,, requirements and the 


relation of both Co and B,, requirements to the source of nitrogen are now 
being investigated. 
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Summary 


1) Experiments with Nostoc muscorum show that Co is an essential 
nutrient element for this blue-green alga. A Co requirement also has been 
demonstrated in three additional species which have been tested: Calothrix 
parietina, Coccochloris Peniocystis, and Diplocystis aeruginosa. 

2) The quantitative requirement for Co is extremely low, for while at 
least 0.40 ug. Co/l. is ordinarily required for optimum growth, significant 
increases in weight and N content are obtained with concentrations down 
to 0.002 ug./l. (2.0 p.p.t.). Increases in yield are obtained over a wide Co 
concentration range. 

3) Various tests designed to meet essentiality specifications have been 
performed. 

4) The nutritional function of Co, especially with reference to nitrogen 
fixation, is considered. 

5) A replacement of the Co requirement by the addition of relatively 
minute amounts of vitamin B,, has been demonstrated. 


This investigation was supported in part by Research Grant G-2071 from the 
Division of Research Grants and Fellowships of the National Institutes of Health, 
United States Public Health Service, and in part by the University Research Com- 
mittee on funds from the Wisconsin Alumni Research Foundation. 
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This study on onion roots (Allium cepa) probably represents the first work 
which provides quantitative data on the rates of water influx into haired 
and hairless epidermal cells of any one plant species, although the com- 
parative roles of absorption by these cells have been considered by many 
plant physiologists at least since the time of Grew (2) and Malpighi (5) in 
the seventeenth century. According to Farr (1), Meyen (6) was perhaps the 
first to point out that root hairs increase the surface of the root and extend 
the area of absorption, while Schwartz made the first extensive study of 
root hairs. Schwartz calculated that they increase the surface of the root 
from 5.5 to 18.7 times according to the species studied.. 


More recently Snow (15) calculated that the root hair surface in radish was 
approximately 30 times that of the root and in white mustard it was 40 times the 
root surface. Hence, it would seem that by increasing the surface of the root, 
the hairs increase its ability to absorb. As Farr states, this conclusion has been 
accepted almost without question by the leading botanists to the present day. Farr, 
however, is not in agreement with this conculusion. He maintains that it is likely 
that root hairs do not increase the total capacity of the root to absorb water and 
states further: »All of the water absorbed must enter the root proper through the 
base of the root hair, and since the walls of the surface of the root are apparently 
perfectly permeable to water, no more can pass into the root proper through the 
base of one of these hairs than could enter through the same area if no root hair 
were present there at all. That is, a root immersed in water can probably absorb 
no more water by virtue of its root hairs than it could absorb if it had no root 
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hairs at all.» Farr concludes that the advantage of root hairs in the absorption of 
water is that they extend out and come into contact with supplies of water which 
would not otherwise come into contact with the root. 

Critical data in support of Farrs viewpoint have not been provided in 
any investigation as far as the writer is aware. It has not been demonstrated 
for example, that the rates of water entry through the hair surface and the 
surface of a hairless cell are similar, nor has it been established that the rates 
of transport of water from the two types of epidermal cells (haired and 
hairless) to the cortical cells of the root are similar. If these two conditions 
prevail, then indeed, the area of the base of the root hair would serve as a 
bottleneck to entry of water from the hair. 

Perhaps the first logical step toward a resolution of the problem would 
be to determine whether or not the rates of influx of water into the surface 
of the haired cell and into the surface of the hairless cell are alike. Data 
which show that the range of rates of water influx into the two types of 
epidermal cells are actually similar are presented in this paper. They were 
obtained by techniques developed by the writer. These techniques permit 
direct quantitative determination of water influx per unit surface per unit 
time, not only of small elements of hairless epidermal surface but even 
small areas of surface on a single root hair (9). 


Root hair development 


The measurements of water influx were made on the root hairs of onion 
seedlings, the root hairs of adventitious roots and on adventitious roots which 
had no root hairs. Onion seedlings were obtained by germinating seeds on 
moist (Hoagland solution) filter paper in petri dishes in the dark. Under 
suitable conditions of moisture, the seedlings readily produced hairs which 
were uniformly distributed and which showed uniform gradation in length 
along the root axis. After transference of a seedling to the experimental 
chamber, the seedling would continue to grow and develop new root hairs. 


The adventitious roots of onion sets do not readily produce root hairs when 
cultured in aerated Hoagland nutrient solution to which trace elements have been 
added. Nor do they ordinarily produce hairs when grown experimentally in moist 
air. But under suitable conditions, the adventitious roots will not only produce 
hairs in air but it is possible to confine hair development to a limited area of the 
root in such a manner that direct measurements of water influx into areas of both 
the haired and hairless surface of an individual root can be made. 

Contact with slightly moistened filter paper was found to be favorable for hair 
development of the adventitious roots. When the roots, growing in aerated Hoagland 
solution, were about 8 mm long, the onion bulbs were transferred from the culture 
solution to glass beakers lined with filter paper. The bulbs were supported in a 
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manner which permitted the roots to grow vertically downward between the beaker 
wall and the filter paper lining. The bottom of each beaker contained a small 
quantity of culture solution which kept the filter paper moist. In some instances, 
the beakers were covered by bell jars through which moist air was circulated. 
When the space between the filter paper and the beaker wall was sufficiently wide 
so that the root grew in moist air without contacting the filter paper, hair develop- 
ment was usually absent. But when the same root reached a narrower space and 
made contact with the filter paper, hairs were produced. Hence, when it was 
desirable to localize the production of hairs on adventitious roots, this was done 
by suitable arrangement of the filter paper. Similarly, a profuse development of 
hairs along the entire length of the root was obtained when the roots was in contact 
with the filter papar throughout. The hairs were not confined to the surface adjacent 
to the filter paper but grew on all sides of the root. Hairs grew very close to the 
root tip. When the bulbs with haired roots were transferred to the moist air of 
the experimental chamber, new root hairs apparently were produced, although the 
root was not in contact with moist filter paper. Since long and short hairs were 
found to be intermingled on the adventitious roots of the bulb, it might be that 
what appeared to be the emergence of new root hairs was actually further elongation 
of hairs which had started to emerge before transfer. Microscopic examination of 
some of the roots before and after transfer indicated, however, that at least in 
some instances, new hairs were produced by adventitious roots after their transfer- 
ence to the moist atmosphere of the experimental chamber. 


Measurement of water influx 


Influx Through the Haired Surface. — Usually a seedling, or a bulb (with all 
but one or two adventitious roots removed) was transferred to the experimental 
chamber some 20 to 27 hours before measurements were made to reduce transfer- 
ence reactions and reduce water deficits of the root to a minimum. Occasionally, 
during transference, root hairs became wrinkled, apparently from loss of water, but 
they soon regained their turgidity in the chamber through which air saturated with 
moisture was slowly circulated. 


Details of the apparatus and techniques by which the influx of water per unit 
area of root hair surface was determined, have been published (9, 10). The micro- 
potometers filled with Hoagland solution diluted to one-fourth strength were often 
placed in the moist chamber the night preceding measurement and then moved into 
position the following morning without opening the chamber; at other times, the 
chamber was briefly opened to insert or remove the micropotometers with no 
significant change in the moisture conditions of the chamber. After a hair was 
inserted into a micropotometer, 40 minutes or longer was allowed for equilibrium 
before proceeding with measurements. The pH of the diluted Hoagland solution 
was adjusted to 6.8; the temperature within the experimental chamber was 24° C. 

Although hairs were of different length, the area of immersion was kept constant 
except in certain instances as stated later. Growth of a hair during immersion was 
rarely observed and then in only those experiments when the time course of 
absorption was follewed for a prolonged period. That hair growth often ceases for 
a period following transference from one medium to another has been observed 
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by several workers (1, 10, 12). Swelling of the hairs during immersion was absent. 
Occasionally a hair would collapse shortly after it was withdrawn from the 
micropotometer. 


Influx through the Hairless Epidermal Surface. — Measurement of water influx 
through the hairless epidermal surface of seedling roots were not made, since for 
the most part the seedling roots which developed in moist air were profusely haired; 
and no attempt was made to grow seedlings using a nutrient medium because the 
apparatus for determining the rate of water influx of the hairless epidermal surface 
of the adventitious roots was not suitable for use with seedling roots of small 
diameter. This apparatus has been described previously (7). When comparative 
measurements were made of both haired and hairless surface of a single adventitious 
root, the bulb with its attached root was first placed in the chamber where deter- 
mination of water influx into one or more hairs was made. Subsequently it was 
transferred to a second chamber for measurements of the influx of water across 
the epidermal surface in localized regions where root hairs were absent. 


Results and Discussion 


Data from one of the root hairs of each of 15 primary (seedling) and 
15 adventitious (»bulb») roots are presented in Table 1. The data from left 
to right are arranged in ascending magnitude according to the average rate 
of water influx based upon readings at 10 minute intervals for a 90 minute 
observation period. 

The average rates of water influx into the seedling root hairs were found 
to range from 0.74 w?/u? min. to 3.3 u®/w’ min. with an arithmetical mean 
of 1.57 u?/u? - min. for hairs 313 to 874 microns in length. The hairs of the 
adventitious roots showed a similar range of average influx rates, viz., 
0.57 u3/u2- min. to 3.22 w’/u? - min. with a mean rate of 1.58 u?/u? + min. for 
hairs 285 to 691 microns in length. Rates higher than those in the table were 
observed when the area of immersion was reduced by inserting only the tip 
of a hair. The data in Table 1 is based upon an immersion area of 13,200 u?. 


When comparisons are made of the influx rates of hairs in approximately 
the same position relative to the apex of seedling roots of approximately 
the same length, no similarity in rates are found. For example, compare the 
low rate of 0.88 u?/u? - min. in a hair 11 mm from the apex of seedling 
3 which was 20 mm long, with the higher rate of 1.91 u?/u? > min. in a hair 
the same distance from the apex of seedling number 11. with a length of 
22 mm. It may be noted that the longer (older?) hair of seedling 3 which 
was over twice as long as the shorter (younger?) hair of seedling 11, showed 
a rate of influx which was slightly less than one-half of the rate of the shorter 
hair. This might indicate that the shorter younger seedling hairs, as in 
radish (10), wheat (13), and rye (11) had faster rates of influx. But this 


HILDA F. ROSENE 


680 


G8c E07 LLE 097 10€ 89€ 658 89€ £8c G6E 60F 169 GIF crs 0er oom Cu 20s e Ey 
OT Ta IE 86 IG 9 9 96 ZI 0€ 8I OF FI £G Gp ‘°° wur yJS#u2r 3004 
L G OT 6T OT 9 & 9 G 4 9 8T G OT 08 ‘2°: xade wol} mur 


CGE 8087 8172 “S61 GEE FORT EIT 09T “ST Ser erp Fre] coon 30 LSO ‘ur. any xnzuf Jo 9781 “aay 


ST FI £T GI IT OT 6 8 L 9 Sg F € G I ON GING 


a EE 


s}004 SNOHIJU9APY Jo SIEH OUT XNJJU] 198 MA 


SIE Ele £G9 16€ Er 89€ 98€ LEV 1674 069 reg LEV PL8 Ele ASE PA 0e ea ‘od yysuey wey 
LT LA 08 ZI GG 8T 9T FI 8T 61 61 el 0G IT 6 en ‘uw qysuef J00y 
69 6 PT E01 TT OT = 6 OT GI 8 8 IT 8 LS es ee ‘+ xode woiy wut 


OEM 106 G6 COT Tor er LET “601 CON Lor oo 880 #80 FLO  "UNUr.zri/er XN[JUI JO 9781 “VAY 


ST FI £T GI IT OT 6 8 L 9 G y € G I ‘ON Sul[paeg 


i eee EEE ee eee 


s}ooy Areullig Jo sey ojur XNIJUI 19J8M 


‘al 008'€T :vore Surqiosqy ‘sjas uoluo Jo s}001 snoiijuaapy Bunofi Jo sıDy 1001 ay} pun 
sbunpaas uoruo Jo sjooa found ayy fo samy j004 ayy fig uoynjos puvjbooy ajnjip fo uondrosq» ayy uo vp aanvanduron ‘I Igel, 


RATES OF WATER INFLUX 681 


does not necessarily follow for the hairs of the primary and adventitious 
roots of onion. The hairs selected on seedlings 2 and 14 were each 313 
microns long but their influx rates, 0.84 w?/u?- min. and 2.04 u?/u? - min., 
respectively, were not comparable in magnitude as were the hair lengths, 
the relative position of hairs on the root axis and the length of the seedlings. 
It was noted, however, that in several instances, when the rates of influx 
of water were determined for shorter and longer hairs of the same seedling, 
the shorter hairs were found to have comparatively higher rates of influx. 
Perhaps if an extensive study were made of seedling hairs, it would be found 
that as a rule, the shorter hairs of each primary root would consistently 
show higher rates of influx than the longer hairs on the same root. Due to 
some intermingling of hairs of different lengths, particularly on the adven- 
titious roots, no extensive study was made to determine the rates of influx 
with respect to ageing of the hairs. Compared to the hairs of radish and 
wheat seedlings, the range of variation in hair lengths in onion roots was 
rather small. 

Since innumerable measurements have been made in this laboratory on 
the rates of water absorption by small localized areas of the epidermal surface 
of hairless adventitious onion roots, it might be interesting to compare the 
rates of influx observed in the present study with those found in the initial 
study of water absorption by onion roots made in this laboratory. 

The initial study (7) on water absorption by onion roots included curves 
(Figure 5 A) which were based on experiments to determine the axial distri- 
bution of the rates of water influx of adventitious roots which varied in 
length from 54 to 95 millimeters at the beginning of a 12 hour observation 
period. The original data upon which these curves (Figure 5 A, 7) were 
based are presented in Table 2 of the present study to show the average rates 
of water influx in cubic micra per square micron of surface per minute. The 
specified regions in the table indicate the initial positions of the potometers 
relative to the distal end of the root. The first column shows the initial and 
final lengths of the roots which grew during the observation period, which 
included readings made at 2 hour intervals. The rates of water influx (tap 
water at 25° C) may be considered representative of absorption rates in the 
given regions of young hairless adventitious roots growing in an atmosphere 
practically saturated with water vapor, when the potometers are filled with 
tap water or balanced salt solutions at a low osmotic pressure, all other 
factors being equal. 

The range of average rates of influx of water into hairless regions (mean 
absorbing area was approximately 3 mm?) below the 60 mm in young roots 
was 0.25 u3/u? - min. to 4.88 u?/y2- min. The mean for all the regions from 
1.5 to 50 mm from the root apex was 1.78 u?/u? min. A comparison of the 
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Table 2. Absorption of tap water by localized regions of hairless adventitious roots of onion. 
Mean of areas of absorption for all roots: 3 mm? 


oo —— — 


Rates of water influx (uw/u? - min.) in regions given as 


Root length mm mm distance from root tip 
1.5 10 20 30 40 50 60 

Si ne 0.25 0.45 0.63 0.72 0.66 0.70 
DOTE nee at 0.30 0.36 0.50 0.55 0.42 0.60 0.28 
ae | Wed) 0.50 0.73 0.78 121 1.63 
BOB ne aa da era 0.41 0.60 0.92 1.00 1.03 0.46 1.03 
BARON eee 0.46 0.72 1.01 1.61 1.53 2.13 1.15 
BSR ee 0.53 1.36 1.66 2.00 2.48 2.16 
B= Oia ae 0.80 1.63 3.06 3.46 3.86 3.55 1.62 
TD SO Nee 1.36 1.72 2.10 2.98 3.28 3.23 1.81 
[BE 0 VE set 2.23 3.00 3.26 3.46 3.62 4.03 
BI By waa ee eee, 208 3.61 4.13 4.01 4.26 4.88 4.33 

Mean 0.90 1.39 1.80 2.05 2.23 2.33 1.31 


data in Tables 1 and 2 shows that in general, the average rates of influx 
of water through the surface of root hairs and the hairless epidermal surface 
are similar. But it also shows that the higher rates of influx were more 
consistently found in the hairless epidermal surface, particularly at the higher 
axial levels of the adventitious roots. 

Average rates of influx as high or higher than 3 u?/u?- min. were seldom 
observed in any hair of either a primary or an adventitious root and rates 
as high as 2 w?/u? - min. were relatively infrequent, except when the area of 
immersion was reduced, or when other experimental conditions prevailed. 
In the hairless regions, at the 30 to 50 mm level of roots, rates of 2 u?/u? - min. 
and higher were found in the majority of the roots. It is important, however, 
to call attention to the length of immersion on the root hairs for Rosene (9) 
observed that there is a gradient of the rates of absorption along the root 
hair axis. Rates as high as any of those in Table 2 (over 4 w?/u?- min.) 
were sometimes noted in onion root hairs when a comparatively small area 
at the distal end of a hair less than 400 microns long was immersed in the 
micropotometer. Similar high rates have been observed in the root hairs of 
other plant species (12). 

When comparative measurements were made of the rates of water influx 
into the root hairs and the hairless epidermal surface of a given adventitious 
root, the observed rates of influx were variable in magnitude but within the 
range given in Tables 1 and 2. Data from one experiment are presented in 
Figure 1 which shows time course curves of water influx. Curve B is the 
time course of absorption of water by the hairless epidermal surface at the 
10 mm level of a 30 mm long adventitious root, and Curve C represents the 
comparative higher rate of influx of a root hair (hair length 452 mm) located 
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epidermis of onion 
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at the 16 mm level of the same root. Curve D shows absorption by a seedling 
root hair at the 10 mm level. 

Curve A, figure 1 is based upon curve 2 (root 2) in Figure 1 of an earlier 
publication (8). It is included for comparative purposes. The original curve 
showed readings made at minute intervals. The data for the first hour of 
observation were averaged for 10 minute intervals and replotted in Curve A. 

No strictly comparative data of absorption of water by the haired and 
hairless root surface of other plant species are available. Rosene and Walt- 
hall (13) found that the mean rate of water influx into the hairs of roots of 
variable length of the seedlings of corn, another monocot, was 1.7 w®/u? min. 
which is only slightly higher than the mean rate of 1.54 w/w? : min. observed 
in the root hairs of onion. The measurements were made under comparable 
conditions. In corn the range of rates was from 0.46 w?/u?+ min. to 4.54 
w/u? + min. for a limited number of root hairs. 

Hayward and coworkers (3, 4) have reported data on the rates of water 
influx (at 70+ 50 % relative humidity) into localized regions of the young 
roots of corn. Although root hairs were present on the roots which were in 
culture solutions, it was pointed out the root hairs were shorter and less 
numerous than when grown in the soil. The mean rates of influx at the 2 cm. 
6 cm., and 10 cm., level were found to be 0.038 mm?, 0.211 mm?, and 
0.249 mm? respectively, per square milimeter per hour. In cubic micra per 
square micron per minute these rates would be 0.63, 3.51 and 4.15. Com- 
parable unpublished data have been obtained by the writer in a study on 
corn roots. Although the root surface in the corn roots was not entirely 
devoid of hairs and the measurements were made under somewhat different 
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conditions, these rates fall within the range of influx rates found for the 
hairless epidermal surface of young adventitious onion roots. It is interesting 
to note also that the range of rates of water influx into the root hairs of corn 
as reported by Rosene and Walthall is comparable to the range of rates of 
influx of water into the practically hairless epidermal surface of young 
corn roots. 

Young adventitious onion roots (Table 2) have an ascending gradient of 
the rates of water influx, the lowest rates appearing at the distal end of 
the root. As the roots increase in length, two opposing gradients appear, the 
rates diminishing above a certain proximal region, the exact level of which 
depends in parts upon the rate of root growth, the rate of maturation of the 
tissues, and the environmental conditions (9). A similar distribution of the 
rates of water influx is found in corn (3). If, as Farr stated — »the walls of 
the root are perfectly permeable to water,» then the observed differences in 
the rates of water influx would be due to differences in the driving forces 
which bring about water influx, or to differences in the rate of removal of 
water from the epidermal cells along the root axis. Since the structure of 
the epidermal cells change with ageing, it might be expected that these 
morphological alterations would result in differences in penetrability with 
respect to water. It would also be expected that axial variations in driving 
forces and in movement of water from the epidermal to the cortical cells 
would play a role to account for the observed axial distribution of rates of 
influx of water. 

The writer has not examined the distribution and variation in length of 
root hairs of the roots of onion grown in soil. Perhaps, as in radish, wheat, 
and rye, there is a graduated distribution in the length and age of hairs on 
the soil roots. If this is so, then it would seem, on the basis of observations 
made on the rates of influx into the hairs of radish, wheat, and rye roots, 
that water influx into onion hairs would slow down with ageing. In that case, 
there would be a descending gradient in the rates of influx of water into the 
hairs of onion roots. It so, then in the distal regions of the root where the 
hairless epidermal cells absorb at comparatively low rates, the actual capacity 
of a given haired zone to absorb would be relatively large due to the com- 
paratively high rates of influx of the shorter younger hairs in that zone. 
Similarly, in a proximal zone where the root hairs are older and the opposite 
conditions would prevail with respect to the rates of influx into the root hairs, 
the capacity of absorption would also be comparatively large, not because 
of the presence of root hairs, but because the influx per unit area of hairless 
epidermal surface would be comparatively high. A similar situation might 
hold for ion absorption but no measurements of ion absorption by individual 
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root hairs are available although the author is working on the problem at 
present. 

The question of the importance of root hairs in relation to root extension 
and the availablity of water is an important one and has been considered 
by the writer in a paper on rye root hairs (11). Attention was called to the 
significance of the comparatively higher rates of water influx into the 
younger hairs and into the distal tip of each hair in relation to zones of 
unevenly distributed soil moisture on the one hand, and new root extension 
on the other. It was concluded in that paper that the water needs of a plant 
might even be supplied by maximal activity of only a portion of each hair 
out of the total number, or by normal (average rates) activity of a few of 
the total number of hairs. 


Summary 


Ihe question of whether or not root hairs increase the total capacity of 
the root to absorb water was examined by measuring water influx into the 
root hairs of both the primary and adventitious roots of onion (Allium cepa) 
and comparing the results with those obtained when absorption by localized 
hairless regions of adventitious roots was measured. 

The average rates of water influx into the root hairs of the primary roots 
of onion seedlings were found to range from 0.74 w?/u? - min. to 3.3 u?/u? - min. 
with an arithmetical mean of 1.57 u?/u? - min. for hairs 313 to 874 microns in 
length. The hairs of the adventitious roots showed a similar range of influx 
rates, viz., 0.57 u?/u?- min. to 3.22 u?/u?- min. with a mean rate of 1.58 
u3/u? - min. for hairs 285 to 691 microns in length. These data apply to an 
immersion area of 13.200 u?. Rates as high and ever higher than 4 w?/u? : min. 
were observed when only the distal tip of short hairs was immersed. 

In general, the average rate of water influx through the surface of root 
hairs and the hairless epidermal surface are similar. The range of rates for 
regions from the 1.5 mm level to the 60 mm level was 0.25 p°/u? : min. to 
4.88 u?/u? - min.; the mean, 1.78 u?/u? - min. 

This work was supported by a grant from the Research Institute of The University 
of Texas. 
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Tobacco mosaic virus and other plant, animal and bacterial viruses have 
been identified as composed primarely of nucleoproteins (Bawden, 1950; 
Knight, 1947). The existence of phosphorus in the nucleic acid fraction of the 
nucleoprotein molecule presents us with the question of the possible pathway 
of phosphorus in its incorporation into viruses. The fact that enzyme systems 
have not been proved universally to be component parts of viruses suggests 
that the latter have to depend for their phosphorus supply on the organic 
phosphorus compounds of the host cell. It is not known whether there is 
one or more pools of phosphorus compounds from which viruses can draw 
their phosphorus; however, studies on the abnormalities of phosphorus meta- 
bolism in virus infected organisms will eventually shed considerable light. 


The most successful attempts along these lines are being carried out with phage- 
infected bacteria. Cohen (1951) in his excellent review has intergrated the available 
data related to the phage infection and the phosphorus metabolism of virus-infected 
bacteria. He summarizes the evidence, suggesting that the ribose and desoxyribose 
nucleic acids are closely related to the phage infection. He further states: >. . . that 
this single phenomenon of the P shunt manifested in part by the inhibition of RNA 
(ribose nucleic acid) synthesis could result in the total deviation of synthesis of host 
components to that of virus constituents.» He also suggests that this inhibition of 
ribose nucleic synthesis is brought about at the point of glucose-6-phosphate in the 
respiration cycle. 

Similar attempts to compare the metabolism of healthy and virus infected tissues 
have been carried out extensively. Anderson, J., et. al. (1950) have observed an 


1 Present address. Kremou Street 125, Kallithea-Athens, Greece. 
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altered turnover of phosphorus-32 in the inorganic phosphate fraction and the total 
acid soluble organic phosphorus fraction of the brain tissues of rhesus monkeys 
infected with Lansing poliomyelitis virus, during the progress and establishment of 
the disease. They reported positive correlation between the percentage changes of 
the phosphate turnover in the two fractions, the appearance of the virus, and the 
general pathology of the disease. They attributed the increased turnover of phos- 
phorus to an increased metabolism within the cells, and the possible changes in the 
permeability of the tissues to phosphorus. Cohn (1952) also reported that influenza 
virus infection disturbed the normal phosphorus metabolism of the chorio-allantoic 
mebrane. When he carried out the phosphorus fractionation according to the 
Schmidt and Thannhauser method (1945), he detected a pronounced decrease in 
the lipid phosphorus fraction of the membrane only 12 hours after inoculation. The 
total acid soluble phosphorus, total acid insoluble phosphorus, desoxyribonucleic 
acid and ribonucleic acid fractions were not altered to any considerable degree. 
Analysis carried out 24 hours after inoculation, presented a similar picture. When 
the phospho-lipid content of the influenza virus-infected membrane was determined 
every three hours during the course of the infection it was observed that the 
maximum decrease in rate occurred within the first 12 hours. The rate of increase 
in the hemagglutination titer was maximum after the first 15 hours, at a time when 
the rate of decrease of the phospho-lipid fraction was approximately null. 


While the effects of virus infection on phosphorus metabolism of diseased 
tissues and bacteria have attracted considerable attention among bacterio- 
logists and animal virologists, litle attention has been paid to that aspect of 
the infection by plant scientists. Most of the work on plants has been carried 
out on the indirect effects of the application of phosphorus fertilizers on the 
rate of virus multiplication, and the infectivity of newly formed virus par- 
ticles. While these studies have added some light on our understanding of 
the physiology of virus infection, they barely contribute to our knowledge on 
the possible disturbances of phosphorus in infected plants. However it was 
shown that the phosphorus status of the infected plants effects the virus 
concentration as well as the rate of appearance and degree of its symptoms. 


Thus Spencer (1935) stated that the number of local lesions of tobacco leaves 
was increased with increased amounts of phosphorus in the substrate as long as 
phosphorus had beneficial effects on plant growth. Spencer (1937) further sta‘ed 
that the secondary symptoms of tobacco mosaic virus appeared sooner in the tip 
leaves of plants receiving low phosphorus than in those plants receiving an excess 
of phosphorus, Smirnova (1940) reported that the titer of virus in infected tomato 
plants was not altered when the plants were grown on phosphorus deficient medium. 
Bawden and Kassanis (1950 a, 1950 b) reported that phosphorus treatment increased 
the susceptibility of tobacco plants to tobacco mosaic virus. They also stated that 
supplements of phosphorus produced an increase in the virus concentration of 
expressed sap in the total virus per plant. 

The effects of mosaic virus infection on the phosphorus metabolism of tobacco 
plants have been studied by Ryzhkov (1943). He reported that significant changes 
occurred in the protein phosphorus of diseased tobacco plants while the lipoid 
phosphorus did not undergo such changes. The amount of phosphorus in soluble 
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proteins increased while the phosphorus of the insoluble structural protein decreased, 
when they were expressed on the basis of dry weight. The chemical characterization 
of the different fractions, however, has not been given, thus it is impossible to 
correlate Ryzhkov's data with others of the same general nature. However, it is 
apparent that the virus infection had definite effects on phosphorus metabolism. 
Holden and Tracey (1948) distinguished the effects of mosaic virus in tobacco plants 
into the local and systemic ones. In the former case, they reported that the infection 
had negligible effects upon the different phosphorus fractions, while in the latter 
case pronounced effects were detected. The total phosphorus per plant was decreased, 
the total phosphorus and fibre phosphorus as percentage of dry matter were in- 
creased, while the percent total phosphorus on fibre and the sap phosphorus as 
percentage of dry matter did not exhibit any considerable changes. The data of 
Holden and Tracey point toward the important fact that different conclusions can 
be drawn depending on the method of expressing the results. It was earlier stated 
(Vayonis, 1950) that tobacco mosaic virus had various effects upon the different 
phosphorus fractions of systemically infected tobacco plants. Following Arney’s 
(1939) fractionation scheme, Vayonis reported that the residual phosphorus’ fraction, 
and the resistant phosphate estérs’ fraction at the time of systemic infection were 
related to the virus disease. He observed that the former fraction, comprised of 
phosphoproteins and phospholipids, in the leaves, stems and roots of diseased tobacco 
plants was higher than that in the corresponding healthy ones when expressed as 
percentage of dry matter; while the latter fraction, comprised of hexosephosphates, 
in the diseased tissues was lower than that of the healthy ones expressed on the 
same basis. 

All the above mentioned studies have considered the fate of the different phos- 
phorus fractions at one particular stage during the development of the disease. In 
doing so Holden and Tracey (1948) pointed out that various effects upon the different 
phosphorus’ fractions are detectable in systemically and locally infected tissues. Thus 
it can be visualized that some of the apparent discrepancies among the results of 
the various workers can be attributed to these varied responses. A time sequence 
study on the development of mosaic disease in tobacco plants covering the early 
stages up to the appearance of systemic symptoms at far distant tissues will engulf 
all the possible characteristics in the establishment of the infection. Such a study 
will present an overall picture of the gradual changes and abnormalities that may 
accompany the disease and will furnish us with information similar to that available 
on the respiration abnormalities (Wynd, 1943; Vayonis, 1953). The advantages of 
such a method can not be overemphasized and only its difficulties should be borne 
in mind when considering such a method. 


In the present report data are presented of an attempt to follow in a time 
sequence study the phosphorus metabolism of mosaic-virus infected tobacco 
plants and compare it with the corresponding one in healthy plants. 


Experimental material and procedure 


Nicotiana tabacum, var. Havana, No. 38 were used as experimental plants. They 
were grown under greenhouse conditions at 20° C, in a subirrigation hydroponic 
system. The nutrient solution recommended by Spencer (1941) was used, with final 
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concentration of the different major elements in grams per 16 liters of nutrient 
solution as follows: 


KH2PO4, 14.02 gm.; Ca (NO3)2 : 4H20, 20.78 gm.; 
MgSO, : 7H,0, 7.89 gm.; and (NH,),SO,, 3.50 gm. 


The minor elements were supplied in amounts of 0.5 parts per million for boron 
and manganese, and 0.02 parts per million for copper. Iron was present in sufficient 
quantities as contaminant. The nutrient solutions were daily made up to the mark 
by the addition of distilled water and every 5 days they were replaced by fresh 
solutions. The pH ranged from 5.0 to 5.5 troughout the study. The experimental 
material was selected from a large number of tobacco plants with equal number of 
leaves and uniform appearance. One plant was transferred per culture pot and when 
the plants had recovered from the transplanting, further selection was carried out 
to insure as uniform expemirental material as possible. A total of 42 tobacco plants 
vigorously growing with 10 leaves each were selected for the experiment. The two 
lower leaeves from each plant were discarded and the remaining leaves were num- 
bered starting with the lowest-oldest leaf, number 1. During the course of the 
experiment new leaves were included in the study and were given consecutively 
higher numbers. 

Fresh tobacco mosaic inoculum was prepared by extracting the cell sap of young 
severely mosaic-infected tobacco leaves. Twenty one of the experimental plants were 
inoculated by gently rubbing the upper and lower surface of the leaf 1 with cotton 
pad soaked in the extracted sap. The number 1 leaves of the remaining twenty one 
control plants were rubbed with cotton pad soaked in distilled water. The inoculation 
took place in the morning of February 17th, 1952. During the complete course of 
the experiment, the plants received an artificial illumination of 16 hours from 200-watt 
lamps spaced 2 '/2 feet apart and 4 feet above the benches. Considerable care was 
exerted in an effort to obtain an as uniform illumination as possible since concurrent 
to the phosphorus studies, the respiration rates of the control and infected tobacco 
plants were measured. At intervals of 1/2, 1 1/2, 2 1/2, 8 1/2, 5 1/2, 7 1/2 and 91/2 days, 
three experimental and three control plants were harvested. The three equally 
numbered leaves of the control plants were pooled together forming a composite sample. 
The three equally numbered leaves of the mosaic infected tobacco plants formed 
the corresponding diseased composite sample. After the samples for the respiration 
measurements were taken, each set of leaves was washed free of adhering particles 
by repeatedly dipping the leaves in 0.1-N nitric acid and washing off the acid with 
distilled water. The leaves were dried over forced air at 80° C and were finely ground 
in a mortar. They were stored in air-tight containers until the analyses were 
carried out. 

The fractionation of the different phosphorus compounds was carried out by a 


modification of Arney’s procedure (1939). The schematic presentation of the phos- 
phorus fractionation is indicated in Figure 1. 


During the analyses it was found out that the labile esters’ phosphate 
fraction gave only traces of phosphorus. It was thus discontinued and the 
labile and resistant phosphate esters’ fractions were combined into one frac- 
tion. The digestion of plant material for the determination of the total phos- 
phorus in the different leaf tissues was carried out by the nitric acid- 
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PLANT MATERIAL 


TWichloroacelıc 
ac 


ACID INSOLUBLE Acid soluble 
PHOSPHORUS phosphorus 


Hydrochloric acid Sulfuric acid 


| Hydrolysis Perchloric acta 
| Oxidation 
| INORGANIC LABILE PHOSPHATE RESISTANT PHOSPHATE 
| PHOSPHORUS ESTERS ESTERS 
(By difference) (By alference ) 


Figure 1. Phosphorus fractionation of the plant material. 


perchloric acid digestion mixture. The phosphorus content of the different 
fractions was determined colorimetrically with ammonium molybdate, hydro- 
quinone and sodium succinate solutions as recommended by Kitson and 
Mellon (1944). 


Experimental results 


The tobacco plants throughout the complete period of experimentation ex- 
hibited vigorous growth. The first mosaic symptoms became apparent on the 
growing tips of infected plants during the fifth day after inoculation, On the 
sixth day all inoculated tobacco plants exhibited apparent mottling of the 
growing tips while the control plants at the same time did not display any 
mosaic symptoms or any other visible abnormality. 

It has been pointed out by previous investigators that the speed with which 
virus symptoms appear, depends more on the physiological age of the plant, 
the rate of its growth and in general on its metabolic activities, than on the 
amount of the initial virus inoculum. While in the literature an average of 
10 to 15 days period is mentioned as the time elapsed between inoculation 
and appearance of mosaic symptoms, in the present study under favorable 
conditions for vigorous growth a maximum of six days were required. In a 
preliminary experiment the time elapsed between inoculation and establish- 
ment of secondary infection symptoms was lessened to four days. The above 
findings suggested that the phosphorus metabolism had to be studied in 
early, close time intervals. During the progress of the experiment leaves 9 and 
10 attained satisfactory sizes and were included in the study. 


46 
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The results are expressed as percentage of dry matter in both control and 
diseased plants. The effects of the infection on the metabolism of the different 
phosphorus fractions become apparent when the phosphorus content of the 
diseased leaves is calculated as percentage of the phosphorus content of the 
corresponding control leaves. The picture thus obtained is free of any possible 
environmental changes from day to day which will become apparent when 
the absolute phosphorus content is considered, but it is still open to any 
inherent differences of the various corresponding leaves of the different 
plants. The possible introduction of erroneous results due to an abnormal 
individual plant in either the control or diseased sets was minimized by the 
use of composite samples out of three plants. However an error is always 
possible and the most assuring method of avoiding and discarding any such 
error in the interpretation of the results is to consider the trends in all leaves 
under study and compare them with each other giving emphasis on the over 
all picture, rather than on any individual measurement. 

The total phosphorus content of healthy and virus infected tobacco leaves, 
expressed as percentage of dry matter, is presented in Table 1. At the onset 
of the infection and up to the fifth day after inoculation there appeared to 
be no consistent change in the percentage disturbance of total phosphorus 
throughout the different leaves. However, at the time when the visible 
symptoms became apparent the percent total phosphorus of infected leaves 
tended to fall under that of the control leaves. This decrease was of the 
order of 10 percent and could as well be attributed to the variation of 
experimental material. However, it was present in all different leaves, in- 
cluding leaves 9 and 10 which were very young at the time of inoculation. 

The data on the inorganic phosphorus fraction are presented in Table 2. 
The virus infection had comparable effects upon the percentage inorganic 
phosphorus content of tobacco leaves at the onset of the infection as on the 
percentage total phosphorus. There appeared, however, a tendency of in- 
creasing inorganic phosphorus with the development of the disease in most 
leaves, reaching a peak around the fifth day after inoculation. The percentage 
of inorganic phosphorus in diseased leaves fell under the controls including 
leaves 9 and 10 during the later stage of the disease when the mosaic 
symptoms had well been established. 

The phosphate esters’ fraction exhibited an interesting response to the virus 
infection. As it is indicated in Table 3, at the beginning of the infection and 
up to the second day after inoculation the diseased leaves 5; 6, 7, and 8 
contained higher amounts of phosphate esters than did the corresponding 
healthy leaves. This increased concentration of phosphate esters was followed 
by a decrease under the control during the third, fourth and fifth day, after 
leaf 1 had been inoculated. This again was followed by a second increase 
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at the time when the mottling of the tip leaves appeared. The increased 
phosphate esters’ fraction, at the time when the infection became systemic, 
was also apparent in both leaves 9 and 10. : 

The data on the residual phosphorus fraction are presented in Table 4. 
There are no clear cut effects of the infection on the residual phosphorus 
fraction during the early stages of the infection, Diseased leaves 4,6, 7, and 
8 exhibited an increased residual phosphorus fraction over the control ones 
at the onset of the infection, while leaves 3 and 5 exhibited an opposite effect, 
On the ninth day after inoculation, the diseased leaves contained higher 
amounts of residual phosphorus than the corresponding control leaves, in- 
cluding leaves 9 and 10. 


Discussion 


The mosaic infection had differential effects upon the various phosphorus 
fractions of tobacco leaves. The nature and degree of these effects varied 
with the stage in the development of the disease. The total and inorganic 
phosphorus fraction at the onset of the infection did not respond to the 
disease and remained fairly constant relative to the control ones. However 
at the time of appearance of the secondary symptoms both total and inorganic 
phosphorus fell under the controls. This decrease in the total phosphorus as 
percentage of dry matter is in agreement with Ryzhkov and Vorobjeva (1942), 
tyzhkov (1943) and Vayonis (1950). The last one was able to report a 
decrease in total as well as inorganic phosphorus only when the tobacco 
plants grew in nutrient solutions. Holden and Tracy (1948) observed the 
opposite effects even though the total phosphorus per plant decreased. 
Apparently the accelerated decrease of matter in systemically infected tobacco 
plants relative to that of total phosphorus does not take place in the presence 
of optimum growth conditions as are maintained in the greenhouse grown 
tobacco plants (Vayonis, 1950). 

The phosphate esters’ fraction includes the triose and hexophosphates, 
compounds closely related to the respiration of the plant and serves as 
stepping stone in the transfer of energy. This important phosphorus fraction 
exhibited a noteworthy increase in the inoculated plants during the early 
stages of the infection. These disturbances become more important when 
considering the increase in respiration (Vayonis, 1953) observed on the same 
tobacco leaves during the same time interval. What could have caused this 
simultaneous increase on both the phosphate esters’ fraction and the respira- 
tion rate at that stage of the infection is only a matter of speculation. It is 
noteworthy, however, that both respiration and phosphate esters’ appear to 
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be related to the mechanism of the virus formation. Both stages also are 
related to the normal pathway in the transfer of energy in any living 
organism. 


Summary 


1. Tobacco plants grown under greenhouse conditions in a subirrigation 

system, were inoculated with common tobacco mosaic virus. A time 

sequence study of the phosphorus metabolism in healthy-control and 
mosaic-virus infected tobacco leaves was carried out. 

The following three phosphorus fractions: inorganic, phosphate esters 

and residual plus total phosphorus were studied. 

3. Inorganic and total phosphorus decreased in infected plants six days after 
inoculation, at the time when the secondary symptoms were well esta- 
blished. The same fractions remained unaltered at the onset of the 
infection. 

4. Residual phosphorus gave inconsistent results for all different leaves 
throughout the establishment of the disease. 

5. Phosphate esters were markedly increased during the first hours up to 
the second day after inoculation in all young leaves relative to the control. 
This increase was followed by a decrease below the control reaching a 
minimum about the fourth day after inoculation. At the time when 
secondary symptoms appeared the phosphate esters’ fraction of diseased 
leaves was far above the controls. 


bo 


This publication is a part of a dissertation in Botany and Plant Pathology to be 
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Nutrient Levels and Flower Production in the Potato! 
By 
E. W. BOLLE-JONES ? 


Long Ashton Research Station 
(Received May 19, 1954) 


Introduction 


It has recently been shown that iron and potassium are interrelated in 
the metabolism of the potato plant and that the nature of this interrela- 
tionship is dependent upon phosphorus status (Bolle-Jones 1953). It was 
found that plants maintained at low levels of iron became chlorotic in the 
presence of calcium carbonate or at high phosphorus levels or when potas- 
sium was deficient. This chlorosis was cured in each instance by the addi- 
tion of high levels of potassium. The ameliorative effect of potassium on 
iron deficiency chlorosis was due to an increased efficiency of iron utilisa- 
tion in chlorophyll formation and to an increased iron content of the 
laminae. 

During the course of the comprehensive experiments conducted to examine 
these interrelationships routine counts were made on flower production. The 
observations made were of incidental interest only to the nutritional rela- 
tionships investigated but are considered of sufficient importance to merit 
this description of the main findings. 

The effects of varied iron, potassium, phosphorus and calcium carbonate 
levels on flower production were examined. In general it was found that 
increased iron supply markedly depressed the number of flowers produced 


* These studies comprise part of the data submitted in a PH. D. thesis to the University 
of Bristol in 1952. 


* Present address: Rubber Research Institute of Malaya. 
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per plant and decreased the duration of the flowering period, while the 
effect of increased potassium supply depended on the iron level supplied 
to the plant. 


Experimental 


Potato plants (variety Majestic, certified Scotch seed tubers,) were grown 
in sand culture, according to methods previously described, (Hewitt 1947), 
in three factorial experiments conducted in three successive years. 

In the 1948 experiment four levels of iron were given at each of four 
levels of potassium with or without calcium carbonate. The iron and potas- 
sium levels were chosen to represent severe deficiency (Fe, and K,), mild 
deficiency (Fe, and K,), normal (Fe, and K,) and luxury (Fe, and NG) 
consumption. These concentrations are given, as milligram equivalents per 
litre, in Table 1. Each treatment received a supply of soluble calcium. In 
addition, one half of the pots, C, treatments, each received 50 g. of »Analar» 
grade calcium carbonate which was well mixed with the sand (9 !/2 Kilo- 
grams per pot) prior to planting; treatments not receiving calcium carbonate 
were designated C,. The tubers were planted on the tenth of May, 1948. 

The 1949 experiment was designed to include three levels each of iron, 
potassium and phosphate, which were chosen to represent deficiency (Fe,, 
mond P,), normal (Fe,, K, and P,) and luxury (Fe,, K,, and P,) con- 
sumption. The concentrations applied of these nutrients are given in Table 1; 
the tubers were planted on the twenty-fifth of May, 1949. 

In the 1950 experiment iron, potassium and phosphate were each applied 
at two levels chosen to represent deficiency (Fe,, K,, and P,) and luxury 
(Fe,, K;, and P,) consumption, The potassium and phosphate levels were 
identical with those of the 1949 experiment, Table 1. The tubers were planted 
on the second of May, 1950. 

The number of opened flowers produced per plot was taken at intervals 
during the growing season as well as the total number produced during the 
duration of the experiment. The full data are not presented here but only a 
summarized version of the main trends. 


Table 1. Nutrient levels of iron (Fe), potassium (K), and phosphate (P). expressed as 
milligram-equivalents per litre. 


Treat- | £ Treat- = rente an 
Een Re 1948 | 1949 ane ae 1948 | 1949 | 1950 me! 1948 | 1949 2. 
Fe, ... | 0.0005| 0.0024 approx. 0.0016 | K, ...| 0.50 | 0.60 | 0.60! P, ...| — 0.90 0.90 
Fe, ...| 0.0075| 0.0600 — Rz... 1.251 2:40) — | Py...) 4.00) 2.70) — | 
Fe, 041125) 1.50 1.00 K, 3.12| 9.60 | 9.60| P, | — | 8.10] 8.10 
| Se | HAR — — IK, 7.81}; — |! — — = 
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Results 


The total number of flowers counted per plot (June record) in the 1948 
experiment decreased with increase in the iron level (Table 2). This effect 
was significant at the 1.0 per cent level and was most marked at the higher 
K levels. Increase in the potassium level increased the number of flowers 
produced at the lower iron levels but decreased it at the highest iron level. 
The addition of calcium carbonate reduced the number of flowers at the 
Fe, level. 

The number of inflorescences produced per plot also showed the same 
variation as that noted for the flowers. The duration of the flowering period 
decreased with increase in the iron level, as illustrated in the data given in 
Table 3. 


Table 2. Number of flowers per plot of 4 plants. Mean values — June 1948. 


Treatment level | Fe, Mes Be, Key | C, C, Mean 

; (+ 10.2) (+ 7.25) (+ 5.12) 

Kassen. 42 | 38 38 4 33 28 30 

IK, 56 | 43 26 2 33 30 31 

(OR 50 40 32 4 = = 32 
(+ 7.25) (+ 3.62 

TERN 21 39 33, ln 6 = = 26 ! 

Near 39 40 33 5 32 26 29 
(+ 5.12) (+ 3.62) 


Table 3. Number of plants in flower — 1948 experiment. 


Number of Plants Number of Plants 
Treatment in Flower Treatment in Flower 
July 5 July 22 July 5 July 22 
IOCMGKER oo oc ose 8 6 FerRıGorr ae 8 1 
FeıKsCı ss see 8 rd FeiKoCos Sweet fatatts 8 2 
FeıK3Cı Doing OOo 8 6 Fe:K3Co D Sodas 8 4 
Be) KAG 8 1 Fey KiaGo „en... 8 6 
FesKıCı do 5060 6 8 3 FesKıCa Gee eg 8 3 
FesK5Cı Glooscap 8 8 FesKoCo oies slare 8 Ti 
Fe>K3Cı sole 8 6. Fe>K3Co Mos oats 8 3 
Re RACE eee 8 3 RAKAUN à 200008 8 7 
Res KaiGie sae 8 0 FesKiCo ....... 8 1 
Fe3K°C1 008080 8 1 Fe3KoCo Doro 8 3 
Fe3K3Cı Go mtiood 8 0 FesK3Co sikelele) sits 7 2 
FesKaCı ....... 7 3 Fe3K4Co . ...... 8 2 
Kerken 4 0 PE DE o ooccns 3 0 
FeaKoCy ee. 2 0 Fe4KaCa Ba eke leisen 6 0 
Fe4Kalı ....... 3 0 Ke,KisGs eee. 1 0 
IGA Crs Gon dacl 2 1 FeqkjGs ee... 2 0 
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The total number of flowers produced per plot during the season in the 
1949 experiment decreased with increased iron supply (Table 4). This overall 
effect was significant at the 0.1 per cent level and applied to all levels, 
except K,, which gave an initial rise. The application of potassium decreased 
the number of flowers at the high Fe or low P levels: the FeK and KP inter- 
action effects were significant at the 0.1 per cent level (Table 4). The effect 
of phosphorus was not significant. 

It was noted that increased iron level delayed the time of flowering by 
one or two days and decreased the duration of the flowering period. 

The results of the 1950 experiment generally confirmed those of the two 
preceding years. Thus the overall effect of added iron or potassium was to 
reduce the number of flowers produced per plot (Table 5); the effect of iron 
was greater at the K, level. The Fe, K and FeK effects were significant at 
the 0.1 per cent level. The effect of phosphorus, significant at the 1.0 per cent 
level, was to increase the number of flowers particularly at the high iron 
level. 

Inspection of Table 6 indicates that the lower iron treatments continued 
generally to show an increase in the number of flowers produced after the 


Table 4. Total number of flowers produced per plot of 8 plants. 
Mean values. 1949 experiment. 


Treatment level Mean 


| (+ 16.9) 
c 287 355 : 275 


Table 5. Total number of flowers produced per plot, (of four plants), up to the seventh 


of July. Mean values — 1950 experiment. 
Treatment level Mean 
(+ 8.67) (+ 8.67 (+ 6.12) 
8G). Cop dncrchte HEC e One 163 135 140 157 149 
K, as 166 60 97 129 113 
Pi 160 Tal — — 118 
res sens ea 168 118 — — 143 
MWe aimee ney: tierce D — — leh) 
(+ 6.12) 
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Table 6. Number of flowers counted per plot, (of four plants), on three 


different dates — 1950 experiment. 
| June 15, Block June 28, Block July 7, Block 

Treatment ee Ss LT ne | 2 RE ed 

| 1 2.3 455.6.) 1 220 3.417055 CHU ee ee 
| | | | 
Fe,K,P, . MO 0 0518134512816 3020520 226 191 | 
TEA o cnc nol 2) 10 Tilt W AO) G2 Oe hk) Br CE 209M 126.135 95 Oma 
| Fe,KiP3......|40 45 15 0 26 101178 173 138 76 96 139 | 193 188 163 90 111 139 
TEE 5 coe Ec | 0 0 0 15 0 12/200 130 143 145 130) 142) 222°158 2167166 200 174) 
| FesKyPi ...... 110.27 27.0 15 11) 81 85 127 775 1237100) 8373571277775 125 123 | 
| FesKsPı ......126 0 12 30 2 14| 63 39 76 53 46 25| 63 39 776 53 46 25 
BesKgBs ec. IE rn EB 7 5 TES ESC CS UL zer Xo DIE u Er zo) CES CI 108 | 
PegKaPs ......) 0 722 13 911) 50 61 061 (70) 51 (83) 60) 4650.61 77625655957 


Fe, treatments had ceased to do so. Increased iron level therefore decreased 
the duration of the flowering period and moreover delayed the time of 
flowering by a few days. 


Discussion 


The results clearly illustrated the dominant effect of iron level on the 
production of flowers in the potato; they also reflected the effects of the 
iron-potassium interrelationship (Bolle-Jones 1953). Thus increased iron 
supply occasionally increased flower production at the lower potassium 
levels but always decreased it markedly at the higher levels. Similarly the 
effect of potassium addition was generally to increase flower production at 
the Fe, level but to decrease it at the higher iron levels. The favourable 
effects of potassium application at the lower iron levels and of iron applica- 
tion at the lower potassium levels may both be attributed to the resultant 
increased iron content of the plant; this increase was, at those levels, insuffi- 
cient to exceed the optimal requirement of the plant. 


The effect of phosphorus level was not usually well marked but where it 
was obvious, as at the Fe, level in the 1950 experiment (Table 5), it could be 
directly attributed to the effect of phosphorus in decreasing the concentra- 
tion of iron in the shoots (Bolle-Jones, unpublished). 


Summary 


1. Potato plants, variety Majestic, were grown in sand culture at varying 
levels of iron, potassium, phosphorus and calcium carbonate supply. 
2. Increased iron supply decreased the number of flowers produced per 
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plant; the effect of iron was usually most pronounced at the high potas- 
sium levels. 

3. Increased potassium supply increased flower production of plants main- 
tained at low levels of iron supply but decreased it at the high iron or 
low phosphorus levels. 

4. Increased iron level delayed the time of flowering and decreased the 
duration of the flowering period. 


Grateful acknowledgement is made to the Agricultural Research Council for the 
provision of special grants in support of this work and to Mr. P. A. Thompson for 
his care and maintenance of the growing plants. 
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In earlier work (2—5) the laccase formation in cultures of some Polyporus 
species was investigated. It was evident from these studies that the laccase 
is formed under the following conditions: 


1) in the presence of certain extracts like malt or yeast extract (3), 

2) in the presence of the specific enzyme substrates (e.g., phenolic com- 
pounds) as an adaptive response (2, 5), 

3) in the presence of certain inducing substances which are not attacked 
by the enzyme formed (e.g., tyrosine) (5). 


In the present work, some of the questions arising from these earlier studies 
have been investigated further. A preliminary account of some of the results 
was given at the 6th Int. Congress of Microbiology (4). 

For the use of the terms »induce», »inducing substance» etc., see Cohn 
Sale (1): 


Materials and methods 


The same strain of Polyporus versicolor Fr. was used as in earlier work (3). 
Medium Bf given in earlier publications (3, 5) was used as the basal medium. In 
all growth experiments 8 replicate flasks were set up in each series. 

In cases where additions of phenols or amines were made, these were done after 
6—7 days growth, since many of these substances severely inhibited growth if added 
at the start of the experiments. The harvest was then made after 10 days if not 
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otherwise stated. Each mycelial mat was treated separately but the filtrates from 
each series were combined, the resulting solution being used for pH determinations. 
A small aliquot was dialyzed overnight and manometric determinations of the 
laccase activity were made, using the Warburg technique as described earlier (3, 5). 


Experiments and results 


A. The formation of laccase in the presence of certain extracts. 


From earlier results (2, 3) it was evident that malt extract had a positive 
effect on the laccase production in Polyporus versicolor, as compared with 
several synthetic media. Further experiments along these lines revealed that 
many protein hydrolyzates commonly used in bacteriological media had a 
considerable effect on the laccase production. Table 1 shows the results from 
such an experiment. 

It may be seen from Table 1 that all the hydrolyzates had a definite effect 
on the laccase production, although the amount formed varies from one 
series to another. The yeast extract was the best medium for laccase produc- 
tion, whereas tryptone had a much smaller effect. The mycelial growth was 
stimulated to a remarkable degree in all cases compared with the growth 
on the ordinary Bf medium, iryptone being the most efficient addition. 

With yeast extract an additional experiment was made, the result of 
which will be seen in Table 2. 

It is clear from Table 2 that the concentration of yeast extract is of great 
importance for growth as well as for laccase formation. However, the laccase 
formation is influenced much more than the growth, the quotient laccase 
activity/mg mycelium becoming greater at higher concentrations of yeast 
extract. 

Since evidence had been obtained that the amino acids tyrosine and trypto- 
phan (which are present in the extracts used) exert a strong influence on 
the laccase production (5); it was thought that these substances could be 


Table 1. Influence of various protein hydrolyzates on growth and laccase production of 
Polyporus versicolor. Bf. medium. 7 days. 

ec ——————————————————————————————————— ———— 

Mycelial dry Laccase activity, 1 O, per hr | 

weight in mg 


Additions, mg/flask | | 
| per flask | per mg mycelium | 
| 


None (20 mg asparagine) ............ 42 0 0 
Deyptone Ditco, 200 mg) N... 165 1700 10 
Peptone Difco, 200/mg. "7" 117 2990 25 
Neopeptone Difco, 200 mg ............ 135 3600 27 


Yeast extract Difco, 200 mg ......... 113 4200 37 
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Table 2. Influence of yeast extract on growth and laccase production of Polyporus versi- 
color. Bf. medium. 7 days. 


oe eee nn nn 
| Yeast extract | Mycelial dry Laccase aptivitr UD OS per Routan 
| ÈS | MEN per flask | per mg mycelium | 
1.0 | 58 90 | 1.6 
2.0 | 67 360 | 5.4 
5.0 | 92 990 | 11 
10.0 | 130 2000 | 15 
20.0 172 4000 | 23 | 


responsible for the stimulating effect of these extracts. In order to test this 
possibility, analyses of the malt and yeast extracts used in the experiments 
were carried out. 

These analyses were made by the microbiological technique using Leuco- 
nostoc mesenteroides as the test organism. Medium VI of Steele & al. (9) 
was used, and for further details the reader is referred to this work. The 
figures obtained will be seen from Table 3. 

From the values given in Table 3 it is obvious that the content of free 
tyrosine and tryptophan, at least in malt and yeast extract, are in most cases 
too low to be able to account for the effect of these extracts on the laccase 
production. Only in the presence of higher concentrations of yeast extract 
(cf. Table 2) may the content of tryptophan be suspected to affect the forma- 
tion of laccase. 

Thus, the effect of the above extracts is probably not due to any specific 
inducing compounds. This question will be dealt with further in the dis- 
cussion. 


B. The formation of laccase in the presence of various inducing substances. 


It is a well-known fact that a wide variety of substances may act as sub- 
strates for the laccase. However, these compounds seem to differ con- 
siderably as far as the induction of laccase formation is concerned. This is 


Table 3. The tyrosine and tryptophan content in media with malt and yeast extract. 


—_—:.n — Tee 


es __ Tyrosine mg/flask CR Tryptophan mg/flask | 
Extract In SRcideduwith _ Required for d A Required for | 

| | tee inducing laccase = N. inducing laccase 
| formation formation | 
(= —— LL ee 

| | | | 

| Malt, 3 0/0 0.4 1 0.2 | Call | 
Yeast, 1% | 0.5 | = 1.3 | c.1 | 
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Table 8 Influence of various organic substances (cone.: 10-3 M) on growth and laccase 
production of P. versicolor. Test substances added after 7 days growth and harvest made 
after 14 days. 

Se EEE ——— eee 
eas Mycelial dry Laccase ORG pl O, per hr 

weight in mg ay E 


| 


per flask | per mg mycelium 
NOs. 7) RI re en. 33 160 3.0 
> Eee 199 | 610 3.1 
CateChOlR ec. 200 1,900 9.5 
RÉSORCINOlER 7 195 990 5.1 
HydrOqQUITOnE 0. 192 1,100 Da 
p-Phenylene diamine _...... 143 1,300 91 
Ascorbie acid. rn... 187 1,300 7.0 | 
0e 0 A ck ES 192 4,200 22 | 
Grate eater ee nn, 200 3,800 | 19 
PANNING RA CLO ee ee 203 3,400 17 
p-Hydroxydiphenyl ......... 205 5,100 25 
| «-Naphthol ......... eats 196 4,300 22 | 


apparent from Table 4 which shows the effect of some organic substances, 
all of which are readily oxidized by the laccase. 

It is seen from the Table that all the compounds have a stimulating effect 
on the laccase production. However, while the unsubstituted dihydric phenols 
and the structurally similar p-phenylene diamine and ascorbic acid (arranged 
in the first group), show a rather low effect, the remaining compounds are 
much more active. This latter group comprises a number of substituted 
phenols. 

It is true that the effect of the substituted phenols and amines varies 
within rather wide limits. While some have a still stronger effect than the 
substances in the second group, a few compounds seem to have a weak effect 
only, which may be comparable to that of hydroquinone (Table 4). Variable 
results have also been obtained with the same substance in different experi- 
ments. For that reason it is impossible as yet to correlate a high inducing 


Table 5. Influence of o-, m-, and p-amino benzoic acid (10-* M) on growth and laccase 
production of Polyporus versicolor. 


Mvcelial d | Laccase activity, pl O, per hr 
Substance added ae ae — See os 
| ne 8 | per flask per mg mycelium 
| 

| 
me None we wie days) 2eecineas.hessiane | 27 0 | 0 3 
| Sy IND os ee re 87 | 150 | on 
Anthraniliegacidr ee 75 | 2,200 | 29 
, m-Aminobenzoic acid ......... 78 | 400 El 
| p-Aminobenzoic acid ......... 73 1,200 16 


47 
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Table 6. Influence of o-, m-, and p-toluidine (10—* M, given as hydrochlorides) on growth 
and laccase production of Polyporus versicolor. 


; Laccase activity, tl O, per hr | 
Substance added a = 2 à 2 - 
per flask per mg mycelium | 
None 7 GENS: ono ces cree 43 100 2.3 
Sue ang WI, ES scan 149 200 158 | 
DECTESOLEREE are 134 3,700 27 
CROIENT EE 122 9,450 77 | 
NOTES co scboocoopecocesee 127 8,900 70 
PATOlUIdIn EE er re ee: 114 4,800 | 42 


effect with any special type of chemical configuration. As a rule, however, 
ortho compounds have been more active than the corresponding meta and 
para compounds. This is true for guaiacol, o-aminophenol, salicylic acid, 
anthranilic acid, toluidine, and their meta and para isomers, but the cresols 
have been an exception to this rule. Results obtained with the amino benzoic 
acids are shown in Table 5. 


The aromatic amines also seem to have a greater influence on the laccase 
production than the corresponding phenols. With the toluidines very high 
activities were obtained in several experiments. The result from one of these 
is given in Table 6. 


o-Toluidine is the most active substance found so far during this investiga- 
tion, and the laccase activity of a solution to which o-toluidine had been 
added after 7 days (analysis made after 10 days) was about double that 
of a solution containing yeast extract (Tab. 1—2). The activity compares 
favourably with that obtained in Medium A after autolysis of the mycelium 
(3, Tab. 1). 


The three unsubstituted diamines, o-, m-, and p-phenylene diamine, exerted 


Table 7. Influence of increasing amounts of p-cresol on growth and laccase production 
of Polyporus versicolor. 
eee 


p-Cresol, m Mol Mycelial dry Laccase activity, tl O, per hour 
x 10—3/flask weight in mg 
per flask per mg mycelium 

0 (7 days) ee 58 
0 (10 NE Raia: sees 94 51 0.54 
UR ren de EN AE 105 560 5.3 
1 LTE esse nsc) 110 1,300 12 
EN any ge | 104 1,500 14 
DR EN 94 1,700 18 | 
RER N ve enh) 7 4,100 53 | 
Bo hes Secon ee | 57 1,400 | 25 | 


| 
| 
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oa 
mycelium 


2007200 


Figure 1. Influence of p-cresol on growth (M) 
and laccase production (L) of Polyporus ver- 
sicolor. Each flask received 8.6 mg p-cresol 
(4 mMol/liter) after 7 days growth. The lac- 
case activity is expressed as ul Os taken up control 


100 


per hour by 1 ml of the dialysed medium. 


7 8 9 10 days 


a very slight effect on the formation of laccase, as did the corresponding 
phenols, catechol, resorcinol, and hydroquinone. 

The quantitative influence of an inducer on the laccase formation was 
earlier studied with tyrosine and tryptophan, which did not significantly 
inhibit growth in the highest concentrations used. (5, Tables 2, 3, 5). In the 
present work, a similar experiment was carried out with p-cresol, which 
can function as a substrate for laccase. This substance is, however, very 
toxic and may be expected to severely inhibit growth in higher concentra- 
tions. The result from this experiment is given in Table 7. 

As is seen from Table 7, the effect of p-cresol increases with increasing 
concentration up to about 4X 10°? M, where a peak occurs. At this point the 
inhibition of growth is already very pronounced. When the mycelial growth 
is completely inhibited (last series) there is a lower content of enzyme in 
the solution, but an appreciable synthesis of laccase has still taken place. 
Consequently it appears that growth is not necessary for enzyme synthesis 
to occur. 

The rate of laccase formation was studied in some experiments in which 
a number of flasks were analyzed each day after the addition of p-cresol. 
The result from one such experiment is given in the diagram in Figure 1. 

It is seen from Figure 1 that the laccase production started between 10 
and 24 hours of the addition of p-cresol, although practically no growth had 
occurred. Later, growth was resumed and proceeded slowly concurrently 
with increasing laccase content of the solution. It reached its maximum 
after 10 days, but no further analyses were made in this experiment. Later 
results tend to show that after about 10 days the laccase activity falls off 
to a much lower value. This may be due to the decomposition of the laccase 
after the complete oxidation of the added inducer. This phenomenon is the 


object of further investigation. 


710 GÖSTA FÄHRAEUS 


Discussion 


The present work follows up earlier investigations on the various factors 
influeneing the formation of laccase in the wood-rotting fungus Polyporus 
versicolor. 

The laccase is formed readily in media rich in organic nutrients such as 
malt and yeast extracts, various peptones, etc. Since it had been found (5) 
that certain amino acids, particularly tyrosine and tryptophan, specifically 
stimulated laccase formation in synthetic media, it was suspected that the 
media mentioned might exert their influence owing to their content of these 
amino acids. Experiments to test this possibility were negative, however, 
and only a very small part of the effect of yeast extract may be ascribed to 
its tryptophan content. It does not seem likely that the extracts contain any 
other compounds in necessary amounts which specifically induce laccase 
formation. 

Therefore, the effect of the media mentioned is very probably unspecific 
and might be due to a well-balanced amino acid composition. The formation 
of laccase in these experiments may be analogous to the formation of some 
other enzymes reported earlier (8, 10). In these latter cases, the enzymes 
studied were freely formed in growth media containing ample amounts of 
organic nutrients, even in the absence of specific inducers. In such rich 
media the normal competition between different enzyme-forming systems in 
the cell is greatly reduced, and several enzymes which the cell is able to 
produce are in fact formed although no specific inducer is present. The 
results of Wainwright with the nitratase in Escherichia coli (10) are parti- 
cularly relevant in this connection. 


Probable examples of the same effect are to be found in early work with 
some hydrolytic enzymes (pectinase, saccharase, amylase) in fungi. The 
pectinase of Rhizopus tritici, for instance, was formed in the absence of 
pectic substances in media containing vegetable extracts (6). The saccharase 
of Aspergillus flavus was formed in sucrose media but also in media devoid 
of sucrose but containing potato mash (7). 


A production of laccase also occurs in the presence of certain specific 
inducers which may or may not be oxidized by the laccase. As is seen from 
Table 4—7, the amount of laccase formed may be very different. It is rather 
striking that substances like catechol, hydroquinone, ascorbic acid, and the 
phenylene diamines, which are all rapidly oxidized by laccase, have only a 
slight inducing ability, whereas many substituted phenols and amines, 
although not as easily oxidized, induce a strong laccase production. It was 
once suggested (4) that this might be a permeability effect, but it seems 
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rather unlikely indeed that the cells should be less permeable to a substance 
like ascorbic acid than to p-cresol or a-naphthol. 

There is no clear-cut evidence that any special molecular configuration, 
except the phenol or amino group, is particularly favourable for inducing a 
strong laccase production. In most cases, however, the ortho substituted com- 
pounds are more active than meta- and para-substituted ones. This is true 
for guaiacol, o-aminophenol, salicylic acid, anthranilic acid and o-toluidine, 
but not for o-cresol. There is also some evidence that the substituted anilines 
are more active than the corresponding phenols (e.g., toluidine compared 
with cresol). 

Experiments with increasing amounts of an inducer seemed to show that 
the highest activity was obtained when the concentration of the added 
inducer inhibited the growth of the fungus to a certain extent. At complete 
inhibition, with higher concentration of the inducer, there was still a con- 
siderable production of laccase but much less than if growth had taken place. 
(Tab. 7). This question has been discussed earlier (5). 

The fact that the formation of laccase in Polyporus versicolor is readily 
induced but is under certain conditions formed also in the absence of any 
exogenous inducer makes it hardly possible in this case to say that the laccase 
belongs either to the constitutive or the induced (adaptive) enzymes. The best 
that one can say is that the formation of the enzyme concerned is »largely 
inducible» (cf. Cohn & al., 1). 


Summary 


The formation of laccase in cultures of Polyporus versicolor Fr. has been 
the object of continued studies. 

Laccase is produced in media rich in organic nutrients like malt and 
yeast extracts, various peptones etc., where no specific enzyme inducers have 
been added. It is suggested that laccase is freely synthesized because the 
building stones of enzymes (amino acids) are present in ample amounts in 
such media. Analogies with the formation of some other enzymes are 
pointed out. 

Laccase formation is also induced by a number of specific substances, 
which may or may not function as enzyme substrates. It is shown that some 
easily oxidized substrates such as hydroquinone or p-phenylene diamine 
induce enzyme formation only very slightly, whereas certain substituted 
phenols and amines are very efficient as enzyme inducers, o-toluidine being 
the most active compound found. 

With p-cresol, the influence of concentration of the inducer and rate of 
enzyme formation has been studied. A certain amount of laccase is produced 
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even if growth is suppressed entirely. The maximum laccase production 
takes place, if growth is partially but not completely inhibited. 


This work was supported by a grant from the »Statens Naturvetenskapliga Forsknings- 
rad». . 

The author is indebted to Messrs. E. Jonsson, S. Häkansson and V. Tullander for 
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Introduction 


In view of the technical importance of sulphur and in consequence of the 
fact that sulphate-reducing bacteria play a vital role in the sulphur cycle in 
nature, these organisms have been the subject of numerous investigations 
since the classical works of Beijerinck (1895), van Delden (1904), Elion 
(1925), Rubentschik (1928) and Baars (1930). As to the proper literature we 
refer to Starkey (1938), lya and Sreenivasaya (1944, 1945 a and b), Richard 
(1946), Butlin, Adams and Thomas (1949), Postgate (1951 a and b, 1954), 
Butlin and Postgate (1953), Butlin and Thomas (1954) and Senez (1951, 


1954). 

Bunker (1940) found that yeast, yeast water, sterile filtered yeast culture in 
wort, and wort itself had a beneficial action on the growth of Desulphovibrio 
desulphuricans. After having kept the same strain in pure culture for some time, 
he was, however, unable to reproduce the evidence of the stimulating effect by 
these additions. According to Iya and Sreenivasaya (1945 b) urea, casein hydro- 
lysate and peptone promote the growth of anaerobic sulphate-reducers as indicated 
by the time required for total blackening of the cultures. Richard (1946) did not 
find any increase in the rate of sulphide production by D. desulphuricans in 
presence of various amounts of cold and hot water extracts of garden and compost 
soil, black lake bottom mud, yeast, etc. Further, thiamine, riboflavin, nicotinic 
acid, nicotinamide, pyridoxine, p-aminobenzoic acid, adenine, and yeast autolysate 
as a source of biotin, at different concentrations, failed to induce any stimulation 
on the strains tested by Richard (1946). Only cysteine and ascorbic acid were found 
to accelerate the intensity of sulphate reduction. According to Richard (1946) these 
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substances probably do not function as growth factors but act through their reducing 
properties, ensuring favourable anaerobic conditions. Butlin, Adams and Thomas 
(1949) usually got satisfactory growth of their strains of D. desulphuricans with 
addition of 1 per cent of Difco yeast extract. Better results were, however, obtained 
in presence of peptone in the medium. Investigating the effects of yeast extract 
(Difco), peptone (Difco) and casein hydrolysate (vitamin-free, Ashe Laboratories), 
Postgate (1951 a) demonstrated the growth-promoting action of these complex 
nitrogenous supplements. The massive growth observed in the complex media was, 
however, partly due to the presence of an anaerobic, Gram-negative, non-sulphate- 
reducing contaminant in the stock strain of D. desulphuricans used (Postgate 1953). 
Further, the growth of the purified strain was stimulated by a mixture of cysteine, 
ornithine, serine and isoleucine to the same extent as that of the impure strain. 
Of the compounds mentioned cysteine is the most important one, the last three 
amino acids being inactive in its absence. The synergistic effect of ornithine, serine 
and isoleucine with cysteine thus manifested may according to Postgate (1951 a, 
1953) be responsible for a part of the growth-promoting activity of peptone and 
yeast extract. 

From the above it is evident that great discrepancies exist between the results of 
Richard (1946) on the one hand and those of Bunker (1940), Butlin, Adams and 
Thomas (1949) and Postgate (1951 a, 1953) on the other in so far as the effect of 
yeast preparations on the metabolism and growth of anaerobic sulphate-reducing 
bacteria is concerned. In this connection it is interesting to note that Postgate 
(1951 a) in conformity with Richard (1946) found that thiamine, nicotinic acid, 
nicotinamide, riboflavin, pyridoxine, p-aminobenzoic acid, biotin and adenine as 
well as a hot water extract of garden soil do not exert any beneficial action upon 
the cells of D. desulphuricans. 

Postgate (1951 a) did not find any stimulating effect of ascorbic acid, either as 
a reducing agent or as a growth factor, in the tests with his Hildenborough strain 
of D. desulphuricans, although Richard (1946), as mentioned above, had reported 
the acceleration of sulphide formation by this substance in pure cultures of the 
same species. The findings of Richard (1946) were, however, confirmed by Gross- 
man and Postgate (1953) in experiments comparing the effects of cysteine, gluta- 
thione, ascorbic acid and sodium sulphide on growth and viability of the Hilden- 
borough strain. 

The discrepancies reviewed briefly above might, at least in part, be due to strain 
variation, the presence of contaminants in the bacterial cultures tested (Postgate 
1953), and impurities in the chemicals used for preparing the culture media. 


As mentioned above, the results of Postgate (1951 a) as well as those of 
Richard (1946) suggest that biotin does not act as a stimulating agent on the 
metabolism and growth of different strains of D. desulphuricans. In view of 
the inconsistencies existing as regards the conclusions about the importance 
of different complex organic substances for the cells of anaerobic sulphate- 
reducers, we, however, found it advisable to examine our Ziirich strain of 
D. desulphuricans as to its requirement of biotin and some other growth 


factors. The present paper reports the results obtained in some typical 
experiments. 
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Experiments and results 


The basal substrate used in our investigation was the nutrient solution proposed 
by Starkey (1938) and slightly modified as follows: 


DISONS NACRE NE 1000 ml. 
Te RM ML ne 1.0 g. 
BEE OR ae 0.5 8. 
BO a. 0.15 g. 
INH. Fe(50.], CH Or. eu 0.2—0.5 g. 
SONORE Ole en 2.0 8. 

Na SOMME ON ne, 4.0—7.0 8. 
soduumMlactatege en Cee 3.5—6.0 8. 
pH 7.0—7.5 


The above amounts of total sulphate and lactale correspond to 20—30 mM and 
31—54 mM per litre of substrate respectively. 

The vitamins used (thiamine, pantothenic acid, riboflavin and (+)-biotin) were 
obtained from Messrs. F. Hoffmann-La Roche & Co., Basle. They were added prior 
to autoclaving the media. 

All cultures were incubated at a temperature of 37° C. 

The Ziirich strain of D. desulphuricans examined was freshly isolated from 
digesting sewage sludge of the Waste Disposal Plant of the city of Zürich. 


Experiment 1 


In order to be enlightened about the effect of the vitamins on the Zürich 
strain, we performed a preliminary experiment using 10 ml. of nutrient 
solution in tubes measuring 160 mm. in length and having an inside diameter 
of 17 mm. After sterilizing and cooling in an atmosphere of oxygen-free 
nitrogen to room temperature, the media were supplemented with a Seitz- 
filtered solution of Mohr’s salt, inoculated with a bacterial suspension and 
sealed with soda-pyrogallol solution according to Ritter and Dorner (1952). 
The anaerobic cultures thus prepared contained 5 mg. of Mohrs salt per 
10 ml. of substrate. The inoculum amounted to 0.1 ml. of a 1 : 100 dilution 
of a 72 hrs. old culture. The time in days needed for total blackening of the 
media was taken as a measure of growth and sulphate reduction. 

The results of this experiment are listed in Table 1. It will be seen that 
after 18 days of incubation in the culture series supplemented with biotin 
(25 ug. per litre) 11 out of 24 tubes showed total blackening, whereas in the 
blank as well as in the series with pantothenic acid (2.5 mg. per litre) no 
sulphate reduction had occurred. In presence of thiamine (0.5 mg. per litre) 
and riboflavin (0.5 mg. per litre) total blackening was observed in 1 and 3 
out of 24 tubes respectively. On the 28th day of incubation the number of 
totally blackened cultures in the order mentioned above was 19, 2, 0, 1 and 4 
respectively. At the end of the experiment (after 45 days of incubation) the 
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Table 1. Effect of some vitamins on the growth and metabolism of the Zürich strain of 
D. desulphuricans. The initial number of inoculated cultures in each series was 24. Syn- 
thetic substrate with ammonium chloride, lactate and sulphate. 


a 


Number of cultures showing total blackening 
Wi 
Re Without | With Biotin | QUE | With Pantothenic DL, 

addition | 25 ng./l. O05 me) acid 2.5 mg./l. era | 
en es Gn a | 

| 3 0 0 0 0 0 
| 18 0 11 1 0 3 | 
| 21 0 15 1 0 3 | 
| 24 1 7 1 0 4 | 
25 2 17 1 0 4 | 

26 2 | 18 1 0 4 

27 2 18 1 0 4 

28 2 19 1 0 4 

31 2 19 2 1 4 

33 2 | 19 5 1 4 

35 2 | 19 6 1 4 

40 2 19 8 2 5 

41 | 2 19 9 4 5 

45 | 3 19 9 4 5 


count of tubes showing growth and sulphate reduction had increased in the 
last four series to 3, 4, 9 and 5 respectively. Thus it is evident that biotin 
in the amount of 25 ug. per litre of the substrate used strongly promotes the 
growth and metabolism of the strain of D. desulphuricans tested. 


Experiment 2 


With regard to the stimulating action of biotin observed in Experiment 1 
and in view of the negative results presented by other workers concerning the 
effect of this vitamin (cf. introduction), it seemed pertinent to study the 
dependence of the rate of sulphate reduction on the concentration of biotin. 

The culture vessels employed in this experiment were Jena glass bottles 
(»Jena Geräteglas 20») containing 5 litres of liquid substrate. They were, as 
shown in Figure 1, plugged with rubber stoppers provided with a mercury- 
seal tube and an inlet for gasing the media and also for taking samples. 
After autoclaving and cooling the substrates under a current of oxygen-free 
nitrogen, 5 ml. of a 20 per cent Mohr’s salt solution sterilized by Seitz- 
filtering were added per bottle. The inoculation was carried out by adding 
1 ml. of a 72 hrs. old liquid culture per litre of nutrient solution. The biotin 
concentrations used were 2.5, 25, 50, 100 and 250 ug. per litre of culture fluid. 

The rate of metabolism of the proliferating cells was estimated by ana- 
lyzing samples removed from the culture substrates at different time inter- 
vals for lactic acid, acetic acid, total sulphate and sulphide. 


1 


1 
1 
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Figure 1. Appliance used in sealing fermentation bottles anaerobically. 


I. Provision (glass tube, rubber tubing, rubber stopper) for gasing the 
media and for removing samples. 


II. Mercury-seal tube. 


The lactic acid has been determined according to Friedemann, Cotonio 
and Shaffer (1927). Properly diluted samples of substrate were oxidized with 
permanganate in presence of sulphuric acid and manganese sulphate. The 
acetaldehyde formed from lactic acid was absorbed in sodium bisulphite 
solution and determined iodometrically. The volatile acids were removed 
from the acidified substrate by steam distillation, the volume of the distillate 
being 15 times that of the sample. A definite portion of this steam distillate 
was acidified with sulphuric acid and oxidized with mercuric oxide by 
means of the method of Friedemann (1938). The acetic acid was then 
estimated in an aliquot of the second (oxidized) distillate by titration with 
sodium hydroxide in presence of phenolphthalein as an indicator, and identi- 
fied by Duclaux distillation and silica gel partition chromatography according 
to Elsden (1946). Sulphate was precipitated as barium salt and determined 
gravimetrically (Treadwell 1930, Kolthoff and Sandell 1947). The sulphide 
contents of the culture media were analyzed by means of the iodometric 
method used by Starkey (1938). All analytical methods were examined for 
reproducibility and accuracy and were found suitable for fermented as well 
as unfermented substrates. The analyses were run in duplicates or triplicates. 

The results of Experiment 2 are presented in Table 2. 

The analytical data show that the Ziirich strain in the lactate-sulphate 
medium used similar to other typical strains of D. desulphuricans carries 
out an oxido-reduction according to the stoichiometric relation originally 
established by Baars (1930), thus yielding approximately 1 mM of sulphide 
and 2 mM of acetic acid per 1 mM of sulphate and 2 mM of lactic acid 
consumed: 


2 CH, : CHOH - COOH+H,SO, — 2 CH; : COOH+H,S +2 CO, +2 H,O 


Further it is evident that the above redox process is strongly accelerated 
in the culture containing 25 ug. of biotin per litre of medium as compared 
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Table 2. Effect of different concentrations of biotin on the rate of sulphate reduction in 
lactate cultures of the Zürich strain of D. desulphuricans. The initial amounts of lactic 


acid and total sulphate were on an average 42.3 and 21.6 mM per litre respectively. 
ee 


| 5 5 3 < 2 
Incubation time | Lactic acid Acetic acid | Sulphuric acid | Sulphide 


hours consumed mM/l. | produced mM/l. | consumed mM/l. produced mM/l. 


No Biotin 


0 0 | 0 0 | 0 
15 7.25 | 6.31 | 3.58 | 2.60 
23 18.2 16.5 | 8.97 | 7.06 
39 30.0 | 28.9 | 14.8 | 12.4 
63 36.8 | 34.3 | 17.7 15.0 
87 | 36.7 | 34.6 17.8 | 15.0 
135 36.7 34.7 17.8 14.9 
2.5 ug. Biotin/l. substrate 
0 0 0 0 0 
15 9.21 8.31 4.37 3.29 
23 18.7 | 17.5 8.96 7.42 
39 32.3 | 31.8 | 15.7 13.9 | 
63 36.9 | 35.6 | 17.7 15.1 
| 87 36.8 | 35.6 | 17.9 14.9 
| 135 36.8 36.1 18.0 14.4 
25 ug. Biotin/l. substrate 
0 0 0 0 0 
15 18.9 1702 9.01 24° 
| 23 27.4 | 237 13.1 11.5 
| 39 36.3 | 34.6 16.9 | 14.8 
| 63 374 | 38.8 18.3 | 15.4 
| 87 | 308 | 36.0 | 18.4 | 15.4 
| 135 37.4 | 36.4 18.5 | 14.3 
50 ug. Biotin/l. substrate 
0 0 0 | 0 0 
15 | 8.14 | 6.80 | 3.23 2,79 
23 | 19.6 17:7 9.01 7.37 
39 | 236 | 517 16.5 | 13.2 
63 | 36.2 36.1 | 17.8 | 15.2 
87 36.2 36.5 | 17.9 | 14.5 
135 | 36.2 36.4 18.0 14.0 
| 100 ug. Biotin/l. substrate 
0 | 0 | 0 0 | 0 
| 15 | 6.19 | 4.58 | 1.98 | 1.84 
| 23 | 13.8 | 12.6 | 6.57 | 5100 
39 29.9 26.9 14.9 NT 
63 | 36.0 | 333 17.1 14.9 
87 36.4 | 34.6 17.6 14.3 
135 36.4 | 34.7 17,7 | 14.5 
250 ug. Biotin/l. substrate 
0) 0 0 | 0 | 0 
15 3.03 = | 2.47 1.31 
23 12.2 | 10.3 5.88 4.23 
39 28.7 | 26.9 | 13.8 11.5 
63 35.3 34.1 17.3 14.9 
87 35.9 34.2 | 17.4 | 14.7 


135 36.2 34.9 | 17.4 | 14.4 
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Figure 2. Time relation of percentage sulphate reduced in lactate cultures inoculated with 
different amounts of cells of the Zürich strain of D. desulphuricans. 


I. Without biotin. 

II. With biotin. 

0.001 ml. inoculum/l. substrate. 
0.01 ml. inoculum/l. substrate. 
0.1 ml. inoculum/l. substrate. 
0.5 ml. inoculum/l. substrate. 
1.0 ml. inoculum/l. substrate. 


o Be tp 


to the blank and the cultures supplemented with 2.5 and 50 ug. of this 
vitamin per litre respectively. On the other hand a marked inhibition of the 
metabolic activity of the cells was observed in presence of 250 ug. of biotin 
per litre, whereas the retarding effect caused by 100 ug. of the vitamin is 
clear but comparatively small. Evidently the optimum concentration of 
biotin required by the Zurich strain amounts to 25 ug. per litre under the 


experimental conditions applied. 
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Table 3. Effect of biotin on the rate of sulphate reduction in lactate cultures inoculated 
with different amounts of cells of the Zürich strain of D. desulphuricans. The initial 
amounts of lactic acid and total sulphate were on an average 51.1 and 21.6 mM per litre 
respectively. 


TT 


ce Lactic acid Acetic acid Sulphuric acid Sulphide produced 
= a consumed mM/I. produced mM/l. consumed mM/I. mM/l. 
de) = 2 = i i 
5 = | Without | wate Without pen Without With Without A 
ES | addition | BIH | addition Biotin sadition || oo addition ee Dee 
wey 25 pg./L. 25 ug.ll. 25 ng./l. 25 ng./l. 
0.001 ml. inoculum/l. substrate 
| 0 0 0 0 0 0 0 0 0 
| 71 1.60 9.58 0.81 8.92 0.90 4.25 0.45 3.89 
87 10.6 24.0 9.42 DEA 5.07 11.8 4.60 10.7 
95 18.5 322 18.7 3 lel 9.55 1572 8.60 ala) 
ill 31.9 38.2 321 37.8 16.1 19.0 15 18.3 
185 391 40.8 38.0 41.1 17.6 20.3 17.8 19.1 
159 42.0 42.1 40.2 41.3 179) 20.6 1727 18.5 
0.01 ml. inoculum/l. substrate 
0 0 0 0 0 0 0 0 0 
63 3622 6.01 2.18 4.89 252 3.33 115927 2.21 
a 3.87 18.8 3.13 18.0 2.64 8.97 1.48 8.04 
87 28.4 Ball 27.2 37.6 14. 18.8 asi 18.4 
95 99.1 41.4 34.5 41.7 16.1 20.2 15.9 19.6 
WSL lat 42.0 38.4 41.6 1972 20.5 18.4 20.0 
135 40.2 42.3 39.8 41.1 19.8 20.5 18.8 1925 
0.1 ml. inoculum/l. substrate 
0 0 0 0 0 0 0 0 0 
39 1.02 3.19 0.50 217 0.72 1.09 OZ 0.84 
63 10.1 29.2 9.74 28.8 4.88 14.6 4.38 13.8 
| 71 20.5 36.0 20.0 35.4 915 WHat 9.08 16.2 
87 Soul 40.4 39.1 39.6 16.7 19.5 162 19.3 
| 95 OUPA 40.8 36.9 40.2 el 20.8 Ie 19.2 | 
| sine 40.0 41.2 39.5 40.7 20.4 20.9 19.1 19.8 
135 40.8 41.2 41.1 41.1 20.6 213 192 19.9 
0.5 ml. inoculum/l. substrate | 
0 0 0 0 0 0 0 0 0 
| 22 0.67 0.98 0.17 0.31 0.98 0.90 0.25 0.25 
39 tore! 1.89 1.34 1.65 1.09 Pal 0.62 1.05 
47 3.87 5.34 3.92 5.60 1.99 2.99 1.80 2.76 
63 23: 26.8 22.5 25.8 el 12.8 10.5 1192) 
val 29.8 Soe 30.0 32.3 14.1 15.6 197 14.9 
87 36.9 30-4 36.3 36.9 1722 Lo 1727 18.1 
95 32 39.4 39.0 36.9 18.7 19.5 181 19:3 
111 40.0 39.5 40.5 39.5 19.5 20.6 19.2 19.2 
1.0 ml. inoculum/l. substrate 
0 0 0 0 0 0 0 0 0 
22 1.29 1.96 1215 170 0.68 0.89 0.42 0.70 
39 7.43 9.47 7.07 9.11 3.25 3.42 3.14 3.96 
47 14.9 18.2 14.2 18.3 6.59 9722 6.40 8.52 
63 31.0 36.8 30.1 36.2 15.1 18.0 14.1 173 
71 34.3 39.6 34.3 39.8 15.8 18.6 15.2 18.3 
87 38.7 42.1 38.6 41.6 18.9 21.1 18.2 20.1 
95 41.7 42.8 40.0 42.1 19.2 212 18.8 20.6 
111 41.8 42.9 40.7 41.5 19.6 miles 18.8 19.9 
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Hence the nature of the effect of biotin on the metabolism of the Ziirich 
strain of D. desulphuricans is strongly dependent on the vitamin concentra- 
tion used. It follows therefore that the concentration should be considered 
as an important factor in addition to those mentioned in the introduction in 
discussing the inconsistencies existing with regard to the growth factor 
requirements of anaerobic sulphate-reducers. 


Experiment 3 


It is a well-known fact that the quantity of inoculum plays an important 
role in investigations concerning the effects produced by substances stimu- 
lating or inhibiting growth and multiplication of microorganisms. Therefore 
it seemed judicious to study the already established stimulus of biotin on the 
Zurich strain of D. desulphuricans in cultures inoculated with different 
amounts of the same cell material suspended in equal volumes of sterile 
water. 

All cultures of this experiment were supplemented with 25 ug. of biotin 
per litre of substrate. The inocula used per litre of medium corresponded to 
0.001, 0.01, 0.1, 0.5 and 1.0 ml. of a 48 hrs. old liquid culture. In all other 
respects the cultures were set up and analyzed as in Experiment 2. 

The results obtained in Experiment 3 are presented in Table 3 and Figure 2. 
From the data listed in Table 3 it will be seen that in all cultures the con- 
sumption of lactic and sulphuric acids as well as the formation of acetic 
acid and sulphide proceed according to the equation proposed by Baars 
(1930). The nature of the oxido-reduction process visualized for the Zürich 
strain of D. desulphuricans in Experiment 2 is thus conclusively established. 
Further, the induction period of the cultures decreases with increasing 
amounts of inoculum as was expected in view of the comparatively small 
quantities of cell material present in the suspensions used for seeding the 
media. The figures of Table 3 as well as the curves of Figure 2 also confirm 
the findings of the foregoing experiments in so far as the stimulating activity 
of biotin is concerned. 


Discussion 


The investigations of Shive and Rogers (1947), Lichstein and Umbreit 
(1947), Ochoa, Mehler, Blanchard, Jukes, Hoffmann and Regan (1947), 
Potter and Elvehjem (1948), Plaut and Lardy (1950) as well as Wessman 
and Werkman (1950) show conclusively that biotin promotes the f-car- 
boxylation of pyruvic acid with carbon dioxide (Wood-Werkman condensa- 
tion), the vitamin probably acting as the coferment of the enzyme involved. 
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Further, it has been demonstrated by Stokes, Larsen and Gunness (1947), 
Lyman, Moseley, Wood, Butler and Hale (1947), Lichstein and Umbreit 
(1947) and also by Potter and Elvehjem (1948) that the synthesis of aspartic 
acid is stimulated by biotin and carbon dioxide. Moreover, it has been 
reported by Lardy, Potter and Elvehjem (1947), Lardy, Potter and Burris 
(1949) as well as MacLeod and Lardy (1949) that the fixation of carbon 
dioxide in cellular aspartic acid is enhanced in presence of biotin. 


The conclusive findings about the stimulating action of biotin on the 
Wood-Werkman condensation and the synthesis of aspartic acid as reviewed 
above, were established for various microorganisms (lactic acid bacteria, 
yeasts, etc.) and also for animal cells (liver, kidney, heart, etc.). For further 
reading we refer to Werkman (1951, p. 412). 


In the specific case of D. desulphuricans Senez (1951) showed that pyruvic 
acid is utilized as a source of carbon for growth and also as a hydrogen 
donator for the reduction of sulphate. He concludes that pyruvic acid func- 
tions as an intermediate in the lactate metabolism of anaerobic sulphate- 
reducing bacteria. 

Postgate (1951 a, 1953) demonstrated, as mentioned in the introduction, 
that a mixture of cysteine, ornithine, serine and isoleucine has a growth- 
promoting effect on strains of D. desulphuricans. The mixture, however, did 
not account for the whole activity of peptone and yeast extract. Apparently 
these complex nitrogenous supplements contain one or more unknown factors 
acting synergistically with the above amino acids in stimulating growth of 
the organism mentioned. 

In our experiments with the Zürich strain of D. desulphuricans the bene- 
ficial effect of biotin upon growth and sulphate reduction in lactate-sulphate 
media is conclusively established. 


In the light of the findings summarized above, we venture to assume that 
biotin is one of the missing factors responsible for the greater stimulus 
produced by peptone and yeast extract as compared to that brought about 
by the mixture of cysteine, ornithine, serine and isoleucine. 


In the synthetic medium used in the present investigation the favourable 
action of biotin is probably connected with the synthesis of amino acids 
from pyruvic acid, carbon dioxide and ammonia involving the Wood-Werk- 
man condensation, aminations and transaminations. 


From the results of Experiment 1 listed in Table 1 it appears that thiamine, 
pantothenic acid and riboflavin in the concentrations of 0.5, 2.5 and 0.5 mg. 
per litre respectively have no or a very small effect on growth and metabolism 
of the Zurich strain of D. desulphuricans. Since the findings of Experiment 2 
show that the favourable effect of biotin is limited to a narrow range of 


STIMULATIGN OF BACTERIAL SULPHATE-REDUCTION BY (+) -BIOTIN 128 


concentration, we should, however, not exclude the possibility of the above 
vitamins being active in other concentrations than those tested. 
Experiments dealing with the above problems are in progress. 


Summary 


The present paper describes the effect of (+)-biotin on the metabolism of 
a freshly isolated strain of Desulphovibrio desulphuricans. 

In proliferating pure cultures of this Zürich strain on a synthetic substrate 
with ammonium chloride, lactate and sulphate an oxido-reduction process 
takes place according to the stoichiometric relation established by Baars 
(1930). 

In the medium mentioned (+ )-biotin was shown to have favourable action 
when added in comparatively small amounts, whereas in presence of greater 
amounts of the vitamin a marked inhibition was observed. The maximum 
stimulation is induced at a concentration of 25 ug. of biotin per litre, while 
a pronounced inhibition sets in when the vitamin concentration is increased 
from 100 to 250 ug. per litre. 

It is proposed that the beneficial effect of biotin might be related to the 
action of the vitamin in the synthesis of aspartic acid and other amino acids 
from pyruvic acid, carbon dioxide and ammonia through Wood-Werkman 
condensation, amination and transamination. 
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aspartique et glutamique et de leurs amides 
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Le present travail s'inscrit dans la série de nos recherches relatives à la 
nutrition azotée organique des colonies prothalliennes de G. c. en culture 
aseptique. Des études ont été précédemment consacrées au glycocolle (33, 34) 
et à quelques autres acides aminés aliphatiques (35) comme sources uniques 
d’azote pour le développement de ces prothalles. 


Techniques 


Les techniques de culture ont été décrites précédemment (33, 36). Les colonies 
prothalliennes de G. c. ont proliféré sur le milieu de Knop normal privé d’azote 
minéral et additionné de Pun des quatre composés suivants (fabriqués par F. Hoff- 
mann-La Roche & Co, Paris): acide L(+)-aspartique, acide L(+)-glutamique, 
L(+)-asparagine et L(+)-glutamine. Le pH des solutions a été ajusté à 5,4 avant 
la stérilisation. Les observations ont été faites au 45° jour suivant le 6° repiquage; 
pour chaque concentration, elles ont porté sur 10 à 24 cultures (étude de leur crois- 
sance) et une cinquantaine de prothalles (étude de leurs caracteres sexuels et 
dimensionnels). Les colonies cultivées sur le milieu de Knop standard (à 10,94 milli- 
atomes grames d'azote NO,~) ont été prises comme témoins. 
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Donnees experimentales 


A. Concentration en azote et viabilité prothallienne 


Les concentrations en azote permettant aux cultures de 6° repiquage 
d’atteindre le 45° jour sont comprises entre: 


0,5 et 75 mA (acide aspartique) 

0,5 et 50 mA (acide glutamique) 

1 et 400 mA (asparagine), i.e. 0,5 et 200 mM/asparagine 

0,75 et 400 mA (glutamine), i.e. 0,375 et 200 mM/glutamine 

(mA: milli-atome gramme d'azote, mM: milli-molécule gramme de sel 
azoté). 


On voit que, pour assurer la croissance des cultures, la quantité minima 
d'azote qu'on leur doit fournir est moindre si l’on emploie les acides aminés 
que si l’on s'adresse à leurs amides. Aux plus faibles concentrations, ces 
derniers ont donc une valeur nutritive plus réduite que les acides aminés 
correspondants. A l'inverse, aux plus fortes concentrations, on constate que 
les prothalles tolèrent beaucoup moins bien ces mêmes amino-acides que leurs 
amides: à ce niveau de concentration, l’asparagine et la glutamine sont donc 
moins toxiques que les acides aspartique et glutamique. 


B. Observation macroscopique générale des cultures de 
sixième repiquage 


1) Seules les concentrations moyennes en acides aspartique et glutamique 
permettent aux colonies de présenter une structure normale (fig. La): 2 à 
10 mA/azote (acide aspartique), 5 mA (acide glutamique). Les cultures sont 
entièrement constituées de prothalles vert émeraude, de petites dimensions, 
très nombreux et étroitement serrés les uns contre les autres; cette disposi- 
tion confère à l’ensemble de la culture un aspect velouté, encore accentué 
par les fins et courts rhizoïdes qui tapissent la surface de la colonie. Ce type 
de culture ne s’observe pas en présence d’asparagine ou de glutamine. 

2) Avec des concentrations plus faibles ou plus fortes que celles mention- 
nées plus haut — 0,75 a 1,5 mA et 12 a 15 mA (acide aspartique); 0,5 a 3 
et 7 à 10 mA (acide glutamique) — les cultures sont subnormales (fig 1b): 
observées à l’oeil nu, elles ont extérieurement le même aspect que les cul- 
tures normales décrites ci-dessus; mais, en section, elles montrent un début 
de nécrose de leurs parties les plus profondes. 

Ce type de culture s’observe également en présence d’asparagine (3 a 
75 mA/azote) et de glutamine (2 a 100 mA/azote): en section (fig. 1 c), on 
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a b C 


Figure 1. Types de cultures observées au 45e jour suivant le 6e repiquage (X 1,4). a: cul- 


ture normale (cf. 32, 33); b: vue en section d’une culture subnormale montrant un début 


de nécrose dans sa partie centrale; c: vue en section d’une culture subnormale montrant 

l'orientation radiale de ses prothalles (structure »en hérisson»); d: vue en section d’une 

culture aberrante à »masse nécrosée centrale» (MNC) (cf. 32, 33); e: culture aberrante à 
»masse nécrosée basale» (MNB). PV — prothalles vivants; RH — rhizoides. 


voit que les prothalles, groupes de maniere compacte autour de la partie 
nécrosée centrale, sont disposés suivant une orientation radiale. C’est la une 
structure subnormale »en hérisson», telle qu’on Vobserve sur les cultures 
alimentées en azote NH,* (36). 

3) Enfin, sous- ou sur-alimentées, les cultures présentent au 45° jour une 
structure aberrante. 

a) En présence des plus faibles concentrations en acide aspartique (0,5 
mA/azote), en asparagine (1 à 2 mA/azote) ou en glutamine (0,75 à 1,5 
mA/azote) (fig. 1 d), ce sont des masses souvent volumineuses, vert pâle ou 
jaunatres, montrant de petits prothalles généralement peu nombreux, souvent 
epais et couverts d’un assez dense enchevétrement de filaments prothal- 
liens et de rhizoides. En section, ces cultures apparaissent presque entiere- 
ment formées par un agrégat de prothalles nécrosés (la »masse nécrosée 
centrale») recouvert d’un mince tapis de prothalles vivants et de rhizoides. 


b) Sur les milieux les plus riches en azote — 20 à 75 mA/azote (acide 
aspartique), 12 à 50 mA (acide glutamique), 100 à 400 mA (asparagine), 
150 à 400 mA (glutamine) — les cultures (fig. 1e), peu volumineuses, sont 


constituées de deux parties: un socle compact, brun, de prothalles nécrosés 
(la »masse nécrosée basale») surmonté d’une masse vert foncé de prothalles 
effilés, vivants. 

4) Un point ressort, dés a présent, de cet examen morphologique des 
cultures. Alors que l’acide glutamique et surtout l’acide aspartique assurent 
aux colonies une structure normale, leurs amides ne leur permettent d’avoir, 
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au mieux, qu'une structure subnormale. Aussi bonnes sources d’azote qu'elles 
soient, asparagine et la glutamine s’avérent donc pendant 45 jours d’expé- 
rience plus toxiques que les amino-acides correspondants. 


C. Accroissement ponderal des cultures de sixieme repiquage 


La fig. 2 précise quantitativement les indications précédentes. Elle montre 
qu’en présence des concentrations en azote extrémes, les cultures sont aber- 
rantes ou subnormales, tandis qu’elles sont normales sur les milieux moyen- 
nement pourvus en azote. 

L’allure générale des courbes n’est pas la même pour les acides aminés et 
leurs amides. Pour les premiers, ce sont des courbes décroissantes: les plus 
fortes valeurs correspondent aux cultures à »masse nécrosée centrale», aux 
cultures subnormales et, d'une manière plus atténuée, aux cultures normales; 
la croissance des cultures A »masse nécrosée basale» est d’autant plus faible 
que l’azote fourni est plus abondant. Avec les amides, la croissance, quoique 
subnormale, est très rapide surtout au niveau des concentrations moyennes 
en azote; les cultures aberrantes (faibles ou fortes concentrations en azote) 
ont au contraire un accroissement pondéral assez lent.: 

De ces résultats se dégage la conclusion suivante: du fait qu'ils sont les 
seuls A assurer une croissance normale, les acides aspartique et glutamique 
sont moins toxiques que leurs amides; mais a ces derniers on doit attribuer 
une valeur nutritive globale plus élevée puisqu’eux seuls permettent aux 
cultures de présenter un accroissement pondéral rapide. En d’autres termes, 
en présence d’asparagine et de glutamine, la colonie prothallienne a un 
pouvoir de prolifération exalté, mais, d’une facon concomitante, la longevite 
de ses prothalles diminue: avant d’atteindre le 45° jour, ces derniers com- 
mencent en effet A se nécroser; au contraire, alimentés en acides aminés, les 
prothalles, s’ils croissent assez lentement, atteignent le 45° jour sans se 


nécroser. 
Remarques. — 1) Les données précédentes sont étayées par le calcul du rapport 
Ben où PB est le »poids brut» moyen des cultures (poids des prothalles vivants 
PB 


et nécrosés et du liquide nutritif qu'ils immobilisent) et PN leur »poids net» moyen 
(poids des prothalles débarrassés du liquide nutritif). Comme dans tous les cas 
observés jusqu'ici (32, 36), a est faible (< 0,50) pour les cultures aberrantes, moyen 
(0,50 à 0,52) pour les cultures subnormales et élevé (> 0,52) pour les cultures 
ariabilité pondérale des cultures V=opy/PN (où dpy est 
est plus faible avec les colonies normales 
(>20 %/o). Ces dernières ont donc 
rmales. Quant aux cultures sub- 
V intermédiaires entre les précé- 


normales. De méme, la v 
l'écart-type du poids net moyen PN) 
(environ 10 °/o) qu'avec les colonies aberrantes 
une croissance moins réguliére que les cultures no 
normales, elles conduisent à des valeurs de a et de 


dentes. 
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Figure 2. Accroissement pondéral en 45 jours des colonies prothalliennes de 6€ repiquage. 


2) La disposition en échelle logarithmique de la concentration en azote (axe des 
abscisses, fig. 2) masque la dissymétrie des courbes de croissance qu’on trouverait 
en adoptant une échelle naturelle: courbes ascendantes à pente abrupte, courbes 
descendantes à pente douce. Cette disposition, déjà observée avec les prothalles 
alimentés en azote NH," ou NH,*F,NO,- (36; cf. 29), signifie qu'à mesure que les 
milieux nutritifs s'enrichissent en azote la croissance prothallienne exige, pour être 
modifiée d'un certain taux (par exemple 50 °/o), un apport de plus en plus élevé en 
azote. En d’autres termes, la réactivité prothallienne vis-à-vis de l'enrichissement en 


azote des milieux est plus accentuée sur les milieux pauvres en azote que sur ceux 
qui en sont abondamment pourvus. 


D. Observation microscopique générale des prothalles de 
sixième repiquage 


1) A la surface des cultures à »masse nécrosée centrale», les prothalles 
cordés, vert-gris ou jaunätres, sont petits, souvent coriaces et couverts d'assez 
nombreux rhizoides. Dans leurs cellules, les chloroplastes, boursoufles, sont 
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Figure 3. Types de prothalles observés au 45e jour suivant le 6e repiquage. a: prothalles 
adventifs proliferant sur un prothalle préexistant (X 5). Remarquer, sur les premiers, 
les ebauches de futurs prothalles adventifs (fleches); b: prothalles filamenteux formés 


sur un prothalle cordé préexistant (X 12). RH — rhizoide; PC — prothalle cordé; PF — 
prothalle filamenteux; PA — prothalle adventif; AN — anthéridie; AR — archégone. 


très riches en amidon. Seules les cellules marginales qui bordent l’Echancrure 
médiane présentent des chloroplastes normaux. 

Les cultures normales ou subnormales sont constituées de prothalles 
cordiformes de petite taille, portant de nombreuses excroissances adventives; 
celles-ci sont les ébauches de futurs prothalles cordés ou filiformes. Le cous- 
sinet de ces prothalles cordés se forme tardivement. Les rhizoides sont peu 
nombreux. Entre ces prothalles de petites dimensions on observe parfois 
quelques tres grands prothalles couverts d’excroissances filamenteuses ou 
cordées, celles-ci présentant elles-m&mes des ébauches de futurs prothalles 
(fig. 3a): ce sont la de »vieux» prothalles de l’explantat qui ont augmenté 
de dimensions pendant les 45 jours postérieurs au repiquage et se sont 
couverts de prothalles adventifs. 

Sur les cultures à »masse nécrosée basale», les prothalles cordés, assez 
rares et petits, ont une couleur vert foncé düe aux trés nombreux chloro- 
plastes qui se trouvent dans leurs cellules; les rhizoides sont peu nombreux 
et courts. 

2) Quant aux prothalles filamenteux, ils sont assez nombreux, en parti- 
culier sur les milieux à asparagine ou à glutamine et en présence des plus 
fortes concentrations en azote (colonies a »masse nécrosée basale»). En 
général courts et fins, ils sont souvent enchevétrés avec les rhizoides et 
forment parfois une sorte de plectenchyme ou sont emprisonnés les pro- 
thalles cordés. Ils prennent naissance a partir de n'importe quelle cellule des 
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prothalles cordés, en particulier à partir des cellules marginales (fig. 3 b). 
Les chloroplastes n'y sont nombreux que dans les cellules apicales. Ils ne 
portent pas d'organes reproducteurs, sauf dans de très rares cas (quelques 
filaments à anthéridies ont été observés sur une culture subnormale pourvue 
de 0,5 mM/acide glutamique). 


E. Densité et proportions des types prothalliens 


1) Sauf sur les cultures à »masse nécrosée centrale» à la surface des- 
quelles les prothalles sont assez clairsemés, sur toutes les cultures, la densité 
prothallienne, c’est-à-dire le nombre de prothalles par unité de surface de la 
colonie, est toujours élevée (cf. $ B). 

2) Les prothalles filamenteux sont toujours plus nombreux que les pro- 
thalles cordés, en particulier sur les cultures à »masse nécrosée basale» 
(fortes concentrations en azote) et en présence d’asparagine ou de glutamine. 
Ainsi, avec les acides aspartique ou glutamique, on trouve sur les cultures 
aberrantes (à »masse nécrosée centrale»), subnormales ou normales 20 à 
30 fois plus de filaments que de prothalles cordés. Avec l’asparagine et la 
glutamine, ce rapport est de 25 à 50. Sur les cultures à »masse nécrosée 
basale», il s'élève jusqu’à 70 (200 mM/asparagine). En général, la proportion 
des prothalles filamenteux tend à être d'autant plus élevée que kazote des 
milieux est plus abondant. 


F. Sexualité et dimensions des prothalles cordiformes 
de sitième repiquage 
1) Moyennes 


Compte non tenu des variations de détail, assez complexes, les courbes de 
la fig. 4 montrent que dans l’ensemble la sexualité et les dimensions des 
prothalles cordés sont maxima en présence des concentrations moyennes en 
azote, c'est-à-dire sur les cultures normales ou subnormales. Carencés en 
azote (cultures à »masse nécrosée centrale») ou suralimentés en cet élément 
(cultures à »masse nécrosée basale»), les prothalles, dépourvus d’archégones, 
ne peuvent former que quelques anthéridies; ils sont done alors unisexués 
(mâles). En même temps, leurs dimensions s’amenuisent, tant en longueur 
qu'en largeur. 

Quant aux conditions nutritives optimales pour le développement des 
caractères sexuels et dimensionnels des prothalles, un fait doit être noté: 
la présence fréquente de deux zones de concentration permettant à ces carac- 
teres de prendre des valeurs maxima. Avec l'acide aspartique par exemple, 
les courbes de la fig. 4 sont toujours bimodales, un premier maximum étant 
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situé au niveau des faibles concentrations en azote, un second correspondant 
à des concentrations plus élevées. Il en est de même pour l'acide glutamique 
et, dans une plus faible mesure, pour la glutamine. Avee l’asparagine, les 
courbes sont unimodales. Des quatre caracteres étudiés, la longueur prothal- 
lienne est celui auquel les remarques précédentes s’appliquent le moins. 

Si l’on confronte les différentes courbes bimodales de la fig. 4, on s’assure 
que les concentrations en azote correspondant à leurs deux maxima ne sont 
pas les mêmes suivant que cet élément est fourni par tel ou tel des quatre 
composés utilisés. Par exemple, pour la sexualité archégoniale, on trouve les 
maxima pour 2 à 3 et 12 mA/azote avec l’acide aspartique et pour 7 et 15 mA 
avec lacide glutamique. C'est la une illustration de la spécificité des quatre 
composes azotés employes, chacun d’entre eux ayant des niveaux de valeur 
nutritive maxima distincts de ceux des trois autres. 

D’autre part, on constate que les concentrations optima de chacun d’entre 
eux sont différentes suivant que l’on considere tel ou tel des quatre caracteres 
prothalliens mesurés: avec l’acide aspartique par exemple, les maxima se 
trouvent aux environs de: 0,75 et 20 mA/azote (nombre d’anthéridies), 2 a 3 
et 12 (nombre d’archégones), 1,5 et 15 mA (longueur), 2 et 12 à 75 (largeur). 
On voit donc que chacun des caractères prothaliiens considérés exige, pour 
son développement maximum, un apport en azote qui lui est particulier et 
qui n’est pas toujours le même que celui requis par les autres caracteres. 

Notons enfin que, si les concentrations en azote étaient représentées, non 
en échelle logarithmique, mais échelle naturelle, les courbes de la fig. 4 
présenteraient pour la plupart une forte dissymétrie. Ce point a été men- 
tionné plus haut (p. 730). 


2) Coefficient de variation 


La variabilité V=o,,/m (où 6, est l'écart-type de la moyenne m) est toujours 
plus importante avec les prothalles des cultures normales qu'avec ceux des cultures 
aberrantes. Les cultures subnormales conduisent à des valeurs V intermédiaires entre 
les précédentes. Ce résultat, comparé à celui de la variabilité pondéral (p. 729) montre 
que si l'apparition de parties nécrosées dans la colonie rend l'accroissement pondéral 
de celle-ci plus irrégulier (opy/PN augmente), elle a un effet inverse (o,/m diminue) 
à l'égard des caractères sexuels et dimensionnels des prothalles. 


3) Rapports de moyennes 


ig e le rapport ,;.=—— Pa r ; 
LÉ NES LS PP 127 nombre moyen d’archégones 


minimum au niveau des concentrations moyennes en azote: en gros entre 
2 et 10 mA. Les valeurs de ce rapport étant alors à peine supérieures a 1, 
on peut affirmer qu’en présence de ces concentrations en azote, la sexualite 
archégoniale des prothalles est quantitativement presque aussi importante 
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Figure 4. Sexualité et dimensions des prothalles cordés au 45e jour suivant le 6e repiquage 
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que leur sexualité anthéridiale. Au contraire, en présence de concentrations 
en azote trop faibles (<2 à 3 mA) ou trop élevées (>10 mA en gros), la 
sexualité anthéridiale prend le pas sur la sexualité archégoniale, et le pro- 
thalle tend alors à devenir unisexué. Pour chacun des quatre composés 
utilisés, seule une étroite zone de concentration en azote contribue donc à 
exalter la formation des archégones au prorata de celle des anthéridies. 

En ce qui concerne les dimensions relatives 


longueur moyenne des prothalles 
rapport O4 =. Rite ern 


largeur moyenne des prothalles 

la fig. 4 montre que, dans l’ensemble, seules les concentrations en azote 
extrêmes permettent à la largeur des prothalles d'être à peu pres égale à leur 
longueur (w:,, Minimum ~ 1). C'est donc surtout sur les cultures aberrantes 
que les prothalles ont le plus fort degré de »cordisation». Au contraire, en 
présence des concentrations en azote moyennes (cultures normales et sub- 
normales), les prothalles sont en général beaucoup plus longs que larges 
(faiblement cordés). Ce résultat est sans doute dû à la structure même des 
colonies: alors que sur les cultures aberrantes, les prothalles, assez clair- 
semés à leur surface, peuvent librement se développer dans toutes les direc- 
tions, sur les cultures normales ou subnormales où ils sont serrés les uns 
contre les autres (structure »en hérisson», fig. 1 c), leur développement ne 
peut se faire aisément que dans le sens de leur longueur: d’où leur étirement. 

On notera la bimodalité des courbes de w,,, et de @,,, avec la glutamine et 
surtout les acides aspartique et glutamique. 


G. Comparaison avec les prothalles témoins de sixième repiquage 


Les valeurs données au 45° jour suivant le 6° repiquage par les colonies 
témoins (milieu de Knop normal, à 10,94 mA/azote NO,-) sont (36, 33, 35): 
poids net moyen: 470,2 mg (cultures normales) 


nombre moyen de prothalles filamenteux 


= 3,3 
nombre moyen de prothalles cordés 
nombre moyen d’antheridies: 10,4 12 _95 
; nombre moyen d’archégones: 4,2 LE 
prothalles cordiformes : 3 1 
ie moyenne: 6, mm| aia 
largeur moyenne: 4,7 mm) + 


En comparant ces données numériques avec celles qui figurant dans les 


graphiques 2 et 4, on voit que: 
1) Les cultures normales alimentées en acides aspartique (2 à 10 mA/azote) 


ou glutamique (5 mA) ont une croissance aussi rapide que les cultures- 
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témoins. Les concentrations optimales de ces deux acides amines étant 
inferieures aux 10,94 mA/azote NO,~ du milieu de Knop, on doit en conclure 
que, pour l’accroissement pondéral des colonies prothalliennes, celui-ci est 
moins favorable que les milieux 4 acides aminés. 

Si l’on considère les cultures subnormales, c’est l’asparagine et plus encore 
la glutamine qui accélérent au maximum la croissance prothallienne. Mais 
les concentrations optimales sont alors au moins doubles des 10,94 mA/azote 
du milieu de Knop. 

2) Les cultures-témoins ont une proportion de ‘prothalles filamenteux 
beaucoup moins élevée que les cultures pourvues en amino-acides ou en 
leurs amides. Ces composés favorisent donc fortement la prolifération des 
prothalles filamenteux dans les cultures et réduisent ainsi la fréquence rela- 
tive des prothalles cordés. 

3) Si l’on ne considère que les cultures normales ou subnormales, les 
milieux à acides aspartique ou glutamique et leurs amides sont moins 
favorables que le milieu de Knop pour la formation des anthéridies; mais 
ils ont au contraire une trés nette action stimulante sur la sexualité arché- 
goniale, surtout s’il s’agit des deux amides. Cette action se manifeste d’ailleurs 
non seulement en valeurs absolues (nombre moyen d’archégones), mais 
également en valeurs relatives (@,).: nombre d’anthéridies par rapport au 
nombre d’archégones): en effet, alors que, sur le milieu de Knop, il y a en 
moyenne 2,5 fois plus d’anthéridies que d’archégones, en présence des quatre 
composés étudiés (10 4 12 mA/azote), il y a presque autant d’archégones que 
d’anthéridies. 

Quant aux dimensions des prothalles, elles sont toujours plus réduites en 
présence de ces composés qu’avec le milieu-témoin. Le rapport w3,, montre 
d’ailleurs que ces prothalles-témoins sont plus cordés que les prothalles con- 
sidérés dans la présente étude. Les acides aspartique et glutamique et leurs 
amides ne permettent donc guére un grand développement en surface des 
prothalles; de plus ils contribuent a les étirer dans le sens de leur longueur. 


Discussion 


Depuis les travaux classiques de Schulze et de Prianichnikov (voir 10), de 
nombreuses recherches ont contribué à établir l’importance, dans le méta- 
bolisme protéique, des composés azotés considérés dans le présent travail. 
Si certains auteurs se sont attachés à préciser les modalités de leur genèse 
ou de leur lyse, d’autres ont cherché à en établir la valeur alimentaire à 
l'égard de divers végétaux; ainsi a-t-on montré que les acides aspartique 
et glutamique, ainsi que leurs amides, constituent en général un bon aliment 
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azoté pour la croissance aseptique de nombreuses Algues vertes (14, 7, 17, 
47, 1 à 5), pour celle d’embryons ou de plantules de plantes supérieures 
(20, 21, 25, 44, 8, 31, 37, 19, 38, 12) ou encore celle de cultures de tissus 
sains ou tumoraux (26, 29, 11, 24). De méme, les résultats rapportés dans 
le présent travail montrent que les colonies prothalliennes de G. c. se déve- 
loppent bien en présence de ces composés. Il a été montré par ailleurs qu’a 
cet égard les deux amides conduisent à des résultats globaux plus satis- 
faisants que les amino-acides correspondants (fig. 2). Mais ce n’est là qu’une 
conclusion globale; en effet, bien que leur accroissement pondéral soit plus 
lent, les cultures supportent mieux en réalité les acides glutamique et aspartique 
que leurs amides: alors que, sur ces derniers, elles présentent au 45° jour 
un début de nécrose interne (cultures subnormales), avec les acides aminés 
elles sont normales, c’est-a-dire dépourvues de toute partie nécrosée. Tout 
se passe donc comme si l’accélération de la croissance prothallienne en pré- 
sence d’amides était compensée par une réduction de leur longévité, c’est-a- 
dire par leur nécrose prématurée. 


Le fait que les amides permettent un accroissement pondéral des cultures plus 
rapide que les acides aminés correspondants serait peut-être attribuable à ce que 
les premiers, et en particulier la glutamine, paraissent être les précurseurs immédiats 
des protéines (41, 23), alors qu'une partie au moins des amino-acides pourraient 
être préalablement transformés en ces amides. Et de fait, dans les prothalles (6), 
dans les rhizomes, les feuilles (45) ou le méristeme apical des rhizomes (40), on 
trouve surtout de la glutamine, mais peu d’acides aspartique, glutamique ou y-amino- 
butyrique. Les Fougéres sont, au sens de Ruhland et Wetzel, des plantes du type 
»amide» (45). 

Par ailleurs, il est également possible d’imaginer (cf. 4, 5) que, lors de leur utilisa- 
tion, les amides formeraient des produits de désamidation non toxiques (et qui 
permettraient par conséquent une croissance importante), alors que les acides 
aminés donneraient, par désamination, des produits intermédiaires toxiques. C'est 
peut-être un tel type d'explication qu'il faudrait invoquer pour rendre compte du 
fait qu'aux plus fortes concentrations (cultures à »masse nécrosée basale»), les 
prothalles tolèrent mieux les amides que les amino-acides correspondants. 

Quant à la prépondérance de la glutamine sur l’asparagine en tant que source 
d'azote pour les prothalles (fig. 2), ne pourrait-on l’attribuer à la plus grande 
mobilité biochimique de la première? On sait en effet que la présence d’asparagine 
caractérise en général les tissus à croissance ralentie ou nulle, alors que la glutamine 
se trouve dans les tissus en voie de prolifération active, c’est-à-dire dans les points 
de protéogénèse intense (39, 18, 41, 23, 40). De même, si l’on considère que l'acide 
glutamique dispose d’un pouvoir de transamination beaucoup plus important que 
l'acide aspartique (27, 28, 18, 15, 16, 23), on comprend que c'est à la glutamine, 
plutôt qu’à l’äsparagine, que doit être accordé le rôle pivot dans les synthèses. 


Un autre point mérite d’être mentionné ici: la formation de très nombreux 
prothalles filamenteux (p. 732), l’étirement des prothalles cordés au sein des 
colonies (p. 735 et fig. 4, à droite en bas) et la prolifération de nombreux 
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prothalles adventifs (p. 731), en particulier en presence des deux amides. Une 
même observation a déjà été faite sur les cultures alimentées en azote ammo- 
niacal (NH,Cl ou NH,NO,) (36) ou en quelques acides aminés (34, SDR 


Si l'on considère alors que la genèse des amides dans la cellule exige habituelle- 
ment la présence d’azote ammoniacal (22, 42, 10, 23), ii est donc permis de se 
demander dans quelle mesure l’effilement prothallien dans les cultures alimentées 
en azote ammoniacal ne serait pas dû, non à l’action propre de l'ion NH,*, mais 
plutöt A la formation, A partir de lui, d’asparagine ou de glutamine ou, du moins, 
d’acides aminés dont dériveraient ceux-ci (alanine, etc.). De même, c'est à la genèse 
de ces amides (d’origine protéolytique par exemple, 10, 23) qu'on pourrait attribuer 
l’étirement, bien connu, des prothalles vieillissants (9, 13, 46) ou de ceux placés dans 
de mauvaises conditons de vie (13, 46). 

Ces questions ne pourraient, bien entendu, recevoir de réponse satisfaisante que 
moyennant une étude appropriée du métabolisme azoté du prothalle. Il en est de 
même quant au développement des cultures en présence des concentrations en azote 
extrêmes, soit très faibles, soit très élevées (cultures à »masse nécrosée»). Des con- 
sidérations hypothétiques ont été présentées ailleurs (33, 36). 


En ce qui concerne la sexualité prothallienne, on note que, comme dans 
le cas général (46, 13, 36), les anthéridies sont plus résistantes que les arché- 
gones aux mauvaises conditions nutritives (carence ou excès d'azote). Mais on 
constate aussi — et c’est la un fait digne d'être souligné 


que lorsque ces 
conditions sont favorables (concentrations en azote moyennes), la sexualité 
archégoniale prend une importance considérable comparativement à celle 
des prothalles-témoins alimentés en nitrates (milieu de Knop). Dans une 
étroite zone de concentration, les acides aminés et surtout leurs amides pro- 
duisent donc la sexualisation archégoniale des prothalles tant en valeur 
absolue qu’en valeur relative (le rapport &w,,,, voisin de 1, montre que le pro- 
thalle forme en moyenne à peu près autant d’archégones que d’antheridies). 

Puisqu’un résultat semblable avait été trouvé avec les cultures alimentées en 
glycocolle (34), on peut se demander si l'effet archégonio-formateur est dû à l’action 
directe de cet amino-acide ou à celle des composés étudiés dans le présent travail: 


dans le premier cas, on devrait alors admettre la formation de glycocolle à partir 


des acides aspartique ou glutamique ou de leurs amides: dans le second, on accor- 
derait crédit à l'hypothèse inverse. 


Quant à la présence fréquente, sur les courbes de la sexualité ou des dimen- 
sions prothalliennes (fig. 4), de deux maximums à mesure que les milieux 
s’enrichissent en azote, elle exige, pour recevoir une interprétation satis- 
faisante, un complément de recherches. Riker et Gutsche qui avaient observé 
une même bimodalité pour la croissance du tissu de crown-gall d’Helianthus 
en présence d'acides aspartique et glutamique (29) l’attribuaient à la mise 
en jeu de transaminations. Même si cette interprétation s’avérait valable pour 
les prothalles, elle ne saurait bénéficier que d’une valeur limitée: en effet, 
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la fig. 4 montre la bimodalité des courbes méme pour la glutamine (cf. en 
particulier la longueur des prothalles), amide incapable de participer a 
une réaction de transamination (43). Méme si leurs effets sur les prothalles 
sont semblables, les acides aminés considérés ici doivent sans doute avoir un 
mode d'action different de celui de leurs amides. C’est à une telle conclusion 
qu'arrivent d'ailleurs les auteurs qui se sont attachés à suivre le métabolisme 
de ces mêmes composés (4). 


Quoi qu'il en soit, si lon compare la qualité nutritive des quatre composés 
considérés ici à celle des nitrates du milieu-témoin, on doit accorder la pré- 
férence, en dernière analyse, à ce derniers: même si la croissance prothal- 
lienne qu'ils permettent n'est pas globalement aussi intense que celle obtenue 
avec l'azote organique, cette croissance est normale (absence de points de 
nécrose au 45° jour), les prothalles vigoureux et assez grands, les formes 
étirées ou les prothalles filamenteux rares. Un tel résultat illustrerait peut- 
être le fait bien connu que l’azote organique, tout comme l’azote ammoniacal, 
est associé a la genese de formes azotées solubles (en particulier les amides), 
alors que les nitrates conduisent à un accroissement de l’azote protéiqe, 
c'est-à-dire qu'ils participent activement à la construction des constituants 
normaux de la cellule vivante (10, 18, 41, 23). La seule préexcellence sur les 
nitrates des acides dicarboxyliques et de leurs amides étudiés ici est leur 
aptitude à stimuler la formation des archégones sur le prothalle. 

Enfin, en marge de ces conclusions, mentionnons brièvement le fait que les 
colonies prothalliennes sont d’autant plus vertes que l'azote qu’on leur four- 
nit est plus abondant. Quelques auteurs ont rapporté un fait analogue avec 
divers végétaux (3, 24), et l'on a déjà signalé la participation de l'acide 
glutamique à la chlorophyllogénèse (30). 

Le texte de la présente note était déjà établi lorsque nous est parvenu le travail 
d’Eberts, F. S., Jr., Burris, R. H. et Riker, A. J. (The metabolism of nitrogenous 
compounds by sunflower crown gall tissue cultures. — Pl. Physiol. 29:1. 1954). 
Si, dans le matériel étudié précédemment (29), ces auteurs montrent l'existence de 


plusieurs transaminases, ils ne peuvent cependant établir de corrélation entre lacti- 
vité de ces derniéres et la croissance bimodale des tissus. 


Résumé 


Employés isolément comme sources uniques d’azote, les acides L(+)-aspar- 
tique, L(+)-glutamique et leurs amides (asparagine et glutamine) permet- 
tent aux colonies prothalliennes de G. c. de se développer in vitro au moins 
jusqu’au 45° jour suivant le 6° repiquage. Sous- ou sur-alimentées en azote, 
ces colonies présentent des parties nécrosées; celles-ci sont, à l'inverse, ré- 
duites ou inexistantes en présence des concentrations moyennes. Ces dernières 
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sont les plus favorables a l’accroissement pondéral des cultures; elles per- 
mettent aussi aux archégones de se former en nombre égal aux anthéridies; 
au contraire, en présence des concentrations extrémes, les anthéridies sont 
plus nombreuses que les archégones. A mesure que la concentration en azote 
augmente dans les milieux, la sexualité présente deux maximums (un pour 
des concentrations en azote assez faibles, un pour des concentrations plus 
élevées). Sur tous les milieux, les cultures montrent beaucoup plus de pro- 
thalles filamenteux que de prothalles cordiformes; ces derniers sont eux- 
mémes étirés en longueur. 
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It was earlier shown (Levitt 1954) that the two particulates and the acid- 
insoluble protein fraction of potato tubers contain large amounts of both P 
and carbohydrates. Calculations from these values revealed that if these 
were present simply as components of nucleic acids and if the nucleic acids 
were similar to those in animal tissues, the mitochondria would have about 
eight percent nucleic acid, the microsomes about fifteen percent. The pur- 
pose of the present investigation was to determine directly the kind and 
quantity of nucleic acids in these fractions. 


Method 


The methods of Schneider (1945), Mejbaum (1939), and Seibert (1940) were used. 
A known quantity of the lipid-free particulates or protein fraction was suspended 
in 10 ml. of five per cent trichloracetic acid (TCA), heated for fifteen minutes at 
90° C, cooled and centrifuged. The residue was resuspended in 5 ml. of five percent 
TCA and centrifuged. The TCA extracts were combined and diluted to fifteen ml. 
with five percent TCA. For the PNA determination, one ml. of the extract was 
pipetted into a test tube and 1 ml. orcinol reagent was added. The test-tube was 
immersed in a boiling water bath for one hour, made up to five ml. cooled, and the 
optical density determined in a colorimeter. For the DNA determinations, two ml. 
of the extract was pipetted into a test-tube, and four ml. diphenylamine reagent 
added. The tube was covered with a watch glass and immersed in boiling water for 
ten minutes. The solution was cooled and the density determined in a colorimeter. 
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Table 1. PNA content as percent of lipid-free mitochondria and microsomes and of the 
acid-insoluble protein fraction of potato tubers stored at 3° C and of corresponding halves 
transferred to 26° C for ten days. Each value an average of 2—4 determinations. 


Mitochondria Microsomes Acid-insoluble protein fraction 
Date = = = 

re 3000 26° 0. es A eae Sone 

September ... 11.3 23.0 | 14.0 
October 1.4 lil sa} 25.6 26.8 13.2 11.6 
November ... 10.8 11.4 DE 22.6 12.7 10.5 
| December ... 11.0 10.2 
| January ...... isa 14.2 24.4 25.1 10.6 11.0 
| February...... 16.5 14,2 | 25.5 25.9 9.3 8.9 

Results 


No DNA was found in any of the particulates or of the acid-insoluble pro- 
teins. The PNA values are given in table 1. It can be seen that the lipid-free 
microsomes contain about double the PNA content of the lipid-free mito- 
chondria, at least during fall. Since the lipid content of the mitochondria is 
about double that of the microsomes, this means that in the original 
unextracted particulates the difference in PNA content is even greater. 
Previous estimations on the basis of P and carbohydrate content revealed the 
same 2:1 ratio between the NA contents of the lipid-free microsomes and 
mitochondria (Levitt 1954), though the actual values were lower. The acid- 
insoluble protein iraction also proved to contain PNA in about the same 
quantity as the lipid-free mitochondria. 

A definite seasonal decrease in NA content is apparent in the acid-insoluble 
fraction from a high of fourteen percent in September to a low of about 
nine percent in February. This agrees perfectly with the previous results 
(Levitt 1954) of 1.25 percent P (or about 12.5 percent NA) in December and 
0.78 percent P (or about eight percent NA) in February. The only other 
seasonal change indicated, is an increase in the NA content of the mito- 
chondria from November to January. But this requires further corroboration. 
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Introduction 


The effects of different light intensities on the photoperiodic responses 
of plants have been the subject of a number of investigations. One of the 
most striking effects noted already by Garner and Allard (1920) has been 
the low threshold intensity required for prolonging the natural day by 
artificial illumination, or interrupting the dark period. Thus the threshold 
intensity for Biloxi soybean was found to be as low as approx. 0.5 ft.c. (Borth- 
wick and Parker, 1938); whereas the China aster, a long day plant, is stated 
to be sensitive to as little as 0.1 ft.c. (Withrow and Benedikt, 1936). 


Other experiments were carried out to discover how much light is required during 
the actual photoperiod. This was done in two ways: by redueing the light intensity 
given, or by shortening the photoperiod itself. Borthwick and Parker (1938) showed 
that the short-day variety of soybean, Biloxi, failed to flower if the light intensity 
received during the photoperiod fell below 100 ft.c.; Naylor (1941) gives values 
of 700 ft.c. and ab. 300 ft.c. for the long-day plants beet and dill. Mann (1940) working 
with the short-day plant Xanthium pennsylvanicum found that when grown under 
only 100 ft.c. this plant required more than five times as many induction periods 
as when full light was given before induction. 

Using very low light intensities combined with high temperature and short-day 
cycles Hamner (1940) showed that under these conditions flowering was roughly 
proportional to the product of light intensity and duration. In his study of light 
and dark treatments upon induction effects this author also found that as the period 
of illumination was reduced from an optimum of 10—12 hours flowering of Biloxi 
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soybean rapidly declined. Similarly Parker and Borthwick (1940) reduced the ratio 
of hours of full daylight and low intensity light in a photoperiod of eight hours and 
found a progressive decrease in the number of floral buds. With only one hour 
of full light flowering ceased altogether. This is the rising phase of illumination 
referred to by Gregory (1948). Harder and Gümmer (1947) on the other hand have 
shown that in Kalanchoe flowering is still possible if the daily light period is reduced 
to the remarkably short time of one second daylight per day. De Zeeuw (1953) has 
reported that the short-day plant Perilla can be induced to flower in continuous 
light of low intensity from fluorescent lamps, a behaviour which contrasts strongly 
with that of plants receiving some bright light every day. 


Earlier, Long (1939) investigated the effect of reduced light intensity on the 
critical daylength in Xanthium. For this purpose he kept his plants under one tenth 
of full daylight. This was extended to 24 hrs. illumination by use of incandescent 
lamps. After ten days of this treatment and when the plants were partly etiolated 
they were given ten inductive cycles of varying daylength. Under these conditions 
the critical dark period was found to be slightiy longer than for the full light 
controls. In another group of experiments on the daylength effects controlling the 
further development of inflorescence buds of the Chrysanthemum after initiation, 
it had been noted that heavy shading had a similar effect to prolonging the photo- 
period (Schwabe, 1951). In all these experiments except that of Parker and Borth- 
wick the plants had been kept continuously under low light conditions and they 
must have shown a considerable amount of etiolation. It therefore seemed worth 
while to investigate the effect of light intensity on flowering round about the 
critical daylength when severe carbohydrate starvation and other etiolation effects 
are excluded by giving a daily period of full light. 


Methods and results 


The experiment embraced four lengths of day, the longest being very near to the 
critical daylength for Kalanchoe as determined by Harder (1948) ie. 9, 10, 11, and 
12 hrs. light followed by uninterrupted dark in a 24 hour cycle. Three light treat- 
ments were given at each of these daylengths: (1) full daylight throughout (F); 
(2) full daylight followed by five hours shading under butter muslin during which 
time the intensity of the illumination was kept approximately constant at 100 ft.c. 
by changing the thickness of the shading material (S); and (3) full daylight followed 
by five hours under incandescent lamps also at an intensity of approx. 100 ft.c. (He 
Thus within each specified light period the plants with reduced light intensity 
received uniformly a period of five hours of such treatment following a period of 
full daylight which varied according to the total length of the photoperiod from 
four to seven hours. This provison of a constant period of low intensity illumina- 
tion was designed to prevent the effects of increased length of day from being 
reinforced by low light intensity effects, if — as was suspected — both factors 
should act in the same direction. These twelve light treatments were given for 
twelve inductive cycles and each treatment was replicated six times. This experi- 
ment, in conjunction with others not reported here, was carried out during the 
summer of 1952 in Swedish Lappland, i.e. above the Arctic Circle, which provided 
continuous daylight conditions before and after the induction treatment. Numbers 
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of flowers and of inflorescence axes etc. were counted nine weeks after the end 
of the treatments. These and other data collected are shown in Table 1. 


The general result i.e. that reducing the light intensity prevailing during 
part of the photoperiod has the same effect as prolonging the day, is seen 
in all the characteristics measured. 


Whereas all the controls in full light showed at least the first signs of 
flowering in a twelve hour day, none of the plants receiving five hours 
shading did so and only one of the incandescent light series. Hence in those 
treatments in which part of the total light period was of low intensity the 
critical daylength had evidently been exceeded at the twelve hour level while 
the controls in full light were still below the limit. Similarly the number of 
flowers or inflorescence axes (defined as the number of all inflorescence 
axes except those arising laterally to a terminal flower)! of the shaded sets 
were much reduced. The mean lengths of the inflorescence axes are also 
decreased by shading treatment during induction. On the other hand the 
longer times required before the first macroscopic signs of flowering, and 
the greater number of leaf pairs formed between the start of induction treat- 
ment and flower formation, indicate the greater amount of vegetative growth 
occurring in the shading treatments, a fact also brought out by the generally 
increased height increments of these plants. 


It should perhaps also be pointed out that in this experiment a 10 hour 
day appears generally more favourable for flowering than one of 9 hours 
regardless of the light treatments. Comparing flower numbers it would seem 
that five hours low intensity light immediately preceding the dark period 
have the same effect as lengthening the actual daylength by about one hour; 
e.g. a mean of 26.3 flowers in full light of 11 hours duration corresponds 
to 24.2 and 28.3 respectively in the two shading treatments of a 10 hour day. 


Before accepting these data it was thought necessary to repeat the experiment. 
This was done in the summer of 1953 in this country using rather fewer treat- 
ments. Only three daylengths were used somewhat more closely spaced than in the 
preceding experiment: 10, 10 %/s and 11 t/2 hours. In each of these daylengths one 
group of plants was given full daylight throughout (F) the other 5 hours shading 
under butter muslin again at about 100 ft.c. immediately preceding the dark 
period (S). Otherwise the treatments were identical with those of the 1952 experi- 
ment, except that continuous light before and after 12 inductive cycles was made 
up by full daylight plus incandescent lights during the night. All treatments were 


1 Generally the main axis is terminated by a single flower and the first branches of the 
inflorescence arise immediately below and laterally to this flower. This however, is not 
always the case as the main axis may continue to grow before being terminated by a 
flower. In such instances these lateral branches have been included in the number of 
flowering axes as well as those produced from the axils of foliage leaves. 
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Table 2. 
Te BI — 
| Daylength 10 hours 10 3/4 hours | 11 1/2 hours SE of 

Light treatment F S F S u F S mean 9/0 
| Number of plants budded ........ 10 10 10 10 10 10 
| Mean number of flowers in terminal | | 
RP NTIGEERCENCE ce coms co | 55.0 | 34.6 | 49.4 | 40.2 | 34.9 | 26.8 | + 4.9 
Mean length of terminal inflores-| 
| CENCE MARIS MR. Nos oye ee 3.9 2.1 3.9 2.9 2.0 1.8 + 0.3 
| Mean number of days to budding..| 17.3 | 18.3 | 17.8 | 18.6 | 17.9 | 19.0 | + 0.24 


replicated ten times. The same characteristics as in the first experiment were 
measured and some of the data are shown in Table 2. 


Although the range of daylength treatments was smaller the results fully 
confirm those of the earlier experiment. Again a period of reduced light 
preceding the dark caused reductions in flower numbers and lengths of the 
inflorescence axes corresponding to treatments with full light throughout 
but of longer duration. 


Discussion 


As stated above it appears therefore that low intensity light treatment 
preceding the dark period has an effect equivalent to a prolongation of the 
actual daylength; this being so especially near the critical daylength. If light 
intensity were plotted against the degree of flowering the resulting curve 
would show a minimum for low intensity light while bright light and very 
low light below the threshold of preception would lead to more flowering. 
The fact that a further shortening of the overall period of illuminaiion e.g. 
from 11 to 10 hours actually leads to increased flower numbers seemingly 
excludes the possibility of lowered carbohydrate level being the cause of the 
effect — especially as such shortening of the photoperiod was always at the 
expense of the full light portion. In any case, Kalanchoe Blossfeldiana, being 
a succulent plant, was not likely to be easily affected by lack of carbo- 
hydrate and it is known to survive more than one month’s complete darkness 
(Harder and Giimmer, 1947), a fact which has been confirmed by the author. 
In the experiments described by Parker and Borthwick (1940) on the other 
hand restriction of photosynthesis by reduced CO, level or diminished light 
intensity was clearly shown to be the cause of partial or complete inhibition 
of flower initiation in the soy bean. But this explanation cannot apply to 
the present results because precisely the opposite treatment, i.e. reduction 
in the number of hours of full light leads to higher flower numbers etc. If 
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the total amount of light be the controlling aspect the difference between 
the full light controls and the shaded treatments should diminish as the 
ratio of full light : dim light increases from 4 : 5 to 7:5 in the main experi- 
ment. This, however, is not the case, for in fact the relative effect of reduced 
light increase as its proportion of the total period of illumination decreases, 
i.e. in the shortest day the level of flowering in the shading treatment (S) 
is 74.3 per cent of that of the full light treatment, as the daylength is 
increased the percentages become 66.3, 44.9 and 11.1 per cent; the last value 
is a comparison between treatments (F) and (I) as there were no flowers at 
all in treatment (S). It seems possible that the effect described is related to 
Hamner’s (1940) observation that in Xanthium reduction in light intensity 
when given during the first photoperiod following an inductive dark period 
also caused reduction in flowering. The observation that reduced light 
during part of the photoperiod is equivalent to a prolongation of the total 
daylength also agrees well with Samygin’s (1948) results with the long-day 
plant Rudbeckia bicolor whose flowering was favoured by such treatment. 
In the soy-bean Yoshida (1952) has found that the inhibition of flowering in 
»artificial long days» of fixed length decreases as the light intensity of the 
supplemental illumination is increased, an exactly parallel effect to that 
described above. 

It has been pointed out above that a reduction in total assimilation is not 
likely to be the cause of this effect. An attempt to explain the effect might 
be made along lines proposed previously (Schwabe, 1951) i.e. reduced light 
increases either the natural auxin content or the plants sensitivity to its 
action. The apparent increase in the critical dark period might then represent 
a need for a longer dark period in which the effects of increased auxin 
level can be anulled again. Harder and van Senden (1949) and van Senden 
(1951) have shown that auxin applied to Kalanchoe actually inhibits 
flowering, and on an auxin hypothesis the above results would agree with 
their conclusion. However, Becker (1953) claims that estimates of the root 
growth promoting activity of flower and leaf extracts of Kalanchoe do not 
support the suggestion that auxin-inactivation is the photosensitive process 
occurring in the dark period. 

Lang and Melchers (1943) and Roberts and Struckmeyer (1938) have 
shown that the critical daylength is not constant under all conditions but 
varies with temperature. Although no quantitative estimate can be made 
from the present results, it would appear that the light intensity during 
some hours immediately preceding the dark period must also be taken into 
account in assessing the length of the critical dark period. 


The author would like to thank Professor F. G. Gregory and Dr. F. J. Richards 
for their helpful interest in this work. The experiments in Swedish Lappland were 
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supported by a special grant of the Agricultural Research Council which is grate- 
fully acknowledged. Thanks are also due to the Royal Swedish Academy of Science 
for allowing the author to work at their Arctic Research Station and particularly 
to Dr. G. Sandberg, director of Abisko Naturv etenskapliga Station for much help in 
providing facilities for the experiments. 


Summary 


The relation between light intensity and flowering in Kalanchoe was 
investigated in experiments in which only part of the daily light period was 
given as low intensity illumination in a 24-hour cycle. The results indicate 
that Kalanchoe plants receiving such reduced light treatment require a longer 
dark period in order to attain the same degree of flowering as controls kept in 
full daylight throughout. This effect suggesting a shift in the critical daylength 
is discussed in relation to prior work and current theories of photoperiodism. 
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1) Introduction 


Methods for plant transpiration measurements have been described by 
different authors and they have recently been reviewed by Hygen (11). For 
the continuous measurement of transpiration from single plant leaves a fast, 
automatic-recording hygrometer using small amounts of air is needed. Most 
of the hygrometers developed up to now either employ the dry-wet bulb 
method where the temperature is recorded by thermistors (18) or thermo- 
junctions (8), or moisture-dependent resistance elements (3). All the methods 
known to the authors would be either too slow in recording the humidity 
for experiments on plant transpiration (the time constant should not be 
greater than about 10 seconds at the most), or the amount of air necessary 
to operate the instrument would be too large. In order to comply with these 
conditions for plant transpiration measurements it thus seems necessary to 
use the optical or electrical properties of the humid air. In the apparatus 
employed for the measurements given below this is done by utilizing a special 
kind of corona discharge from a positive point against a plane. 
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2) Corona phenomena used in the hygrometer 


The corona discharge from a positive point against a plane has been studied 
by several investigators. A review of these studies has recently been given by 
Loeb (16) and Gänger (7). It is well known that if a thin wire is connected 
to the positive terminal of a DC-high tension source while the negative 
terminal is connected with a conducting plane opposite to the wire, a small 
corona discharge is seen at the point of the wire at higher voltages than 
the so-called onset voltage of the continuous corona in air at normal pressure. 
At the same time an electric current flows from the point to the plane. There 
are two main types of positive corona that can develop under such condi- 
tions: the burst-pulse corona and the streamer corona. The latter is much 
more uncommon than the former and can be found only under special con- 
ditions (6). A much easier way of studying these two types of corona dis- 
charge is to lower the point voltage somewhat below the onset voltage of the 
continuous corona. In this so-called Geiger regime separated groups of burst 
pulses or occasionally streamers occur as soon as electrons are introduced 
into the gap by radioactive radiation or ultraviolet illumination. In this way 
the burst or streamer pulses can be studied visually in darkness and the 
corona current pulse connected with them can be displayed by a cathode 
ray oscillograph (1). While the burst pulses give rise to small luminous points 
or thin layers over the corona point, the streamer pulses advance from the 
point several millimeters outward into the gap by a mechanism described 
by Raether (21), in. which photo-ionization of the gas molecules near the 
streamer tip plays an important role. These streamers can be seen in the dark 
as thin threadlike luminous spikes advancing into the gap along the axis 
of the corona wire. They give rise to much greater current pulses than the 
burst-pulse mechanism which can be seen with the cathode ray oscillograph. 
It has further been found that the probability for streamer formation 
increases with increasing humidity of the air surrounding the corona point (2) 
which is due to higher photo-absorption by the water molecules. If the 
voltage of the point is increased, streamer formation becomes less frequent 
while the number of the burst pulses increases greatly until at onset voltage 
the burst pulses merge into the continuous corona covering the point in a 
thin layer. Usually streamers can no longer be observed under these con- 
ditions (1). 

In the apparatus described here streamer formation has been made possible 
at voltages higher than the onset voltage for the continuous corona by 
choosing a suitable geometry. Because of the creation of electrons by photo- 
ionization in the neighbourhood of the point by the photons coming from 
the continuous corona, external electron sources as radioactive material or 
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ultra-violet light are no longer needed to initiate streamer formation. Since 
the probability of streamer formation increases with increasing humidity 
of the air surrounding the point (1), it is thus possible to measure the 
humidity by measuring the number of streamers formed per unit of time. 


3) Description of the apparatus 


The apparatus used in these investigations is shown in figure 1. The 
end of a 0.3 mm. platinum wire is formed to a point as shown in figure 1 
and the wire mounted in a perspex housing opposite to a conducting plane 
(figure 1). If the point is connected to the positive output of a stabilized 
DC-power supply and the voltage is slowly increased, a continuous positive 
corona will appear at the point at about +3000 volts. After further increase 
of the voltage streamers also appear which can be seen in darkness advancing 
from the point towards the plane. Each streamer gives rise to a current 
surge and thus to a short voltage pulse over the resistance R,. 

By employing a cathode ray oscillograph these voltage pulses due to 
streamers can easily be studied after suitable amplification. If air of dif- 
ferent humidities is blown at a constant rate though the perspex housing in 
which the point-plane arrangement is mounted, it can be observed that the 
number of the streamer pulses indicated by the cathode ray oscillograph 
varies very much with humidity. 

For the measurement of the humidity of the air passing the corona gap 
it is thus necessary to count electrically the number of streamer pulses per 
unit of time. This is done by the electronic circuit shown in figure 2 which 
is essentially a counting rate meter. The voltage pulses due to the formation 
of streamers in the corona gap are applied to the grid of a cathode follower 
for impedance matching. Thereafter, the pulses coming from the cathode 
follower are sent into a rectifier circuit consisting of two crystal diodes. By 
this arrangement the condenser C receives a certain charge for each pulse 
applied to the rectifier circuit. Since the condenser C is continually dis- 
charged through the resistor R, the condenser voltage is a measure of the 
number of pulses applied to the rectifier circuit if all pulses are of the same 
size. Since the last condition is fullfilled only to a certain degree by the 
pulses created over the resistor R, by the formation of streamers in the 
corona gap the voltage created over the condenser C is not exactly a measure 
of the frequency of streamer formation but still a definite function of the 
humidity of the air in the gap since the size of the pulses is constant at 
constant humidity. By applying the condenser voltage directly to a Speedo- 
max-recorder through a resistor of 30 kQ, the humidity of the air in the 


corona gap can be recorded continually. 
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Figure 1. Corona arrangement used for the hygrometer. To the right the form of the 


6.3 mm. platinum wire point used is shown. 


Naturally the scale of the instrument described here is affected by many circuit 
constants of the arrangement, the most important of which are the field conditions 
at the point. These are defined by the point voltage, the shape of the point (figure 1), 
the point-plane distance, the shape of the perspex housing etc., of which the shape 
of the point (figure 1) and the point voltage are the most critical. By varying one 
of these the scale of the instrument is substantially changed or the instrument may 
not work at all, i.e., no streamers form on the point. It is therefore necessary to 
use a well-stabilized DC-power supply for the point voltage, since otherwise changes 
in the main voltage may alter the scale of the instrument and influence the results. 
Usually a point voltage of about 3000 volts is used which gives rise to a corona 
current of 1—5 uA at a point-plane distance of 3 mm. 

However, the dependence of the humidity scale on point voltage provides a con- 
venient means of expanding certain parts of the humidity scale at will. By adjusting 
the point voltage properly, a practically linear humidity scale from 30 to 100 per 
cent relative humidity can be obtained. On the other hand, by changing the point 
voltage (or point geometry), a non-linear scale may be obtained, so that, for example, 
the range from 50 to 75 per cent is extended whereby more exact measurements 
can be made in that humidity range. 

Except on point geometry and point voltage, the performance of the instrument 
is dependent on other factors influencing the potential distribution at the point, 
which naturally must be held constant. One of these are possible changes of the 
plane electrode at the place where it is struck by the streamer discharges. In order 
to eliminate such changes a hole was drilled in the plane electrode directly under the 
point and the point adjusted in such a way that the filament like streamer dis- 
charges ended exactly in the hole. In this way the plane electrode is not directly 
touched by the discharge which excludes oxidation etc. Another of the less critical 
parameters that determine the scale of the instrument is the point-plane distance. 
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Figure 2. Electronic circuit for counting the number of streamer pulses per unit of time. 


In the present apparatus this is about 3 mm., the point being fastened by a screw 
in the top of the perspex housing. 

In order to be able to observe the streamer discharges and facilitate adjustment 
of the point, the entire housing of the instrument except the bottom plane was 
made of perspex. However, to eliminate alternations of point potential by electro- 
static charges situated on the inner walls of the perspex housing, the inside of the 
housing had to be lined with wire mesh or a copper spiral connected with the 
plane electrode. 

Besides the geometric conditions of the corona gap itself naturally the electric 
circuit data (figure 2) influence the humidity scale. In this connection it should 
be mentioned that the size of the protective resistor R, in series with the gap is not 
important as long as it is larger than 5 MQ. Finally, the output voltage of the electric 
circuit can be changed by the variable resistor Rg. 


4) Calibration of the hygrometer 


Since the scale of the hygrometer can be varied by many factors, a calibration 
of the instrument is necessary before it is used. This was performed by blowing 
air of known humidities through the corona gap. For this purpose air from a 
compressor was run through horizontal glass tubes about 1 m. long, which were 
filled to one half with sulphuric acid solutions of different concentrations or certain 
concentrated salt solutions (10). By measurements with a dew point and hair hygro- 
meter it was shown that at air velocities used for the corona hygrometer this method 
was sufficient for obtaining air of constant and known humidities. For calibration 
relative air humidities of 30, 50, 75 and 100 per cent were used. 

Usually the hygrometer scale was checked in the above-mentioned way before 
and after the measurements. It was found that, under proper operating conditions, 
the scale of the instrument was usually constant to less than +1 per cent relative 
humidity. Exceptions occurred when dust particles adhered to the corona point 
which, however, happened very rarely when a platinum wire was used for the 
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point. The irregular behaviour of the instrument in such cases usually showed very 
quickly the presence of the dust particles without any recalibration of the instrument. 

In the present apparatus a stabilized high voltage DC-power supply intended for 
work with GM-tubes was used. Since the current needed for the operation of the 
streamer corona is about of 1—5 uA only, a couple of batteries for GM-counters 
can be employed instead of the more cumbersome and expensive high voltage 
power supply. This is especially convenient if field measurements are to be made. 
In this case the cathode follower tube can be omitted and a sensitive galvanometer 
substituted for the speedomax recorder, which will make the instrument easily 
portable and well suited for field work. 


5) Performance of the instrument 


As already mentioned above, the number of streamers per unit of time 
depends on the amount of water vapour in the air near the corona point, 
since the photo-ionization of water molecules is an important process for 
streamer formation (21) (2). Thus the readings of the instrument are a 
function of the number of water molecules per cubic centimeter, i.e., it is 
measuring the absolute humidity of the air. This was confirmed by measure- 
ments at different air temperatures. Because of this, changes in temperature 
or pressure will be recorded by the instrument, since in both cases the air 
density is altered. The fluctuations produced in this way were in the present 
case much smaller than the transpiration effects measured and could be 
neglected in the measurements given below. 


The most important feature of the corona hygrometer is its small time constant, 
which should be as small as possible for transpiration experiments. Since the hygro- 
meter measures the humidity present at the point at any instant, the only factors 
introducing registration time lags are the electric circuit and the deposition of 
humidity on the walls of the perspex housing and the tube through which the air 
is conducted to the corona gap. In comparison with the latter the electric circuit 
time constant of about 5.10”? seconds can be neglected. It is therefore of great 
importance to use as short connections as possible between the vessel in which the 
transpiring leaf is contained (transpiration cell, figure 3) and the corona chamber, 
since the deposition or evaporation of water vapour from the walls of the tubes 
and the transpiration cell tends to smooth out the changes in humidity which are 
originally introduced into the air flow by the transpiring leaf until the air reaches 
the corona chamber. For the same reasons the housing of the corona gap should 
be made as small as possible, the present construction probably does not present 
the best solution to this problem and further work is planned on this subject. If 
the humidity of the air stream through the present instrument is suddenly changed 
from 30 to 75 per cent relative humidity at room temperature, the instrument will 
register a humidity of 50 per cent after 3 seconds, 70 per cent after 10 seconds and 
75 per cent after 60 seconds, thus its time constant is about 5 seconds. 

Since the present investigations were intended to measure the transpiration from 
one single leaf with an area of 1—10 cm?, the hygrometer employed must be able 
to work with very small amounts of air because of the small amounts of water 
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vapour given off by such small leaf areas. Since the air flow necessary for proper 
operation of the corona hygrometer is about 10—20 cm3 per second it was well suited 
for this purpose. Since the instrument easily detects changes of 1 per cent in the 
relative humidity, the amounts of water given off to the air stream that can be 
detected are very small. In the investigations presented below a change of 1 per cent 
in relative humidity represents a change of the water content in the air of 2.10-7 
gr./cm?. 

When operating the instrument it is of importance to keep the air velocity con- 
stant during the measurements, since otherwise the amounts of water vapour per 
unit volume taken up by the air stream from the leaf i.e., the humidity of the air 
stream, will not be constant at constant transpiration rate of the leaf. Further, the 
calibration of the corona hygrometer changes somewhat with changes in the air 
velocity in the corona gap. For these reasons the pressure of the air at the inlet 
of the system used in our investigations is held constant by the use of a T-tube 
immersed in a water column (figure 3). 

Since it was found, that the streamer discharge is sensitive to other gases too, 
for example carbon dioxide in relatively high concentrations, it was important to 
know whether the changes of the carbon dioxide contents of the air by the carbon 
dioxide assimilation of the leaf under investigation influenced the measurements. 
To this end a constant humidity tube of the type described above was connected 
between the transpiration cell C containing the leaf and the corona chamber. Under 
these conditions the instrument showed no changes of the air humidity when the 
transpiration and assimilation rate of the leaf were altered by changing its illumina- 
tion. Since the constant humidity tube adjusts only the water vapour content of 
the air and not its carbon dioxide content, the changes in the carbon dioxide content 
of the air during the transpiration experiments did not affect the measurements. 

Finally it should be mentioned that the humidity range of the present instrument 
was from 30 to 100 per cent relative humidity at 20° C, but it is probably possible 
to measure humidities of less than 30 per cent by changing the point geometry. 
A more detailed report on the corona hygrometer will be given elsewhere. 


6) Experimental arrangement 


For the transpiration measurements shown below the following experimental 
arrangement was chosen (figure 3). Compressed air of suitable pressure and 30 per 
cent relative humidity was applied to the tube T which together with the cotton 
plug insures a gonstant air pressure. Thereafter the air was either conducted through 
a constant humidity tube H to obtain the humidity desired or directly applied to 
the transpiration cell C in which the transpiring leaf was mounted. The transpira- 
tion cell C (fig. 3) consisted of a rectangular perspex container with the inner 
dimensions of 3X 30%X65 mm. It was open at the lower end, where the leaf under 
investigation could be introduced without severing it from the plant. This lower 
opening of the transpiration cell was then sealed by applying a plastic wax S 
(Apiezon W) which gave sufficient tightness to inhibit diffusion of air in or out 
of the transpiration cell in measurable amounts. In this way the outer conditions 
of the leaf are practically unaltered. 

The air was introduced into the lower end of the transpiration cell through 
several holes on both sides of the leaf at a rate of 10 cm? per second, thus assuring 
that all parts of the leaf were in contact with the air stream (figure 3). Because of 
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Corona chamber 


Figure 3. for the 
transpiration measurements. T air pressure sta- 
bilizer, P cotton wool, H constant humidity tube, 
C transpiration chamber, S wax seal, L leaf under 
investigation, W heat radiation filter, E electric 
lamp. (None of the components are drawn to 


Experimental arrangement 


scale.) 


the small dimensions of the transpiration cell an air velocity of about 12 cm per 
second was obtained on the surface of the leaf. Thereafter, from the closed top of 
the transpiration cell, the air was conducted by as short a rubber tube as possible 
directly into the corona chamber for humidity measurement. 

In the measurements presented here the leaf was illuminated by a 500 W lamp E 
at about 60 cm distance producing a light intensity of 20,000 Lux at the position 
of the leaf. For absorption of heat radiation a rectangular glass basin W filled with 
water at 15° C was placed between the lamp and the transpiration cell. 


7) Plant material 


In the experiments three plant species have been used. Two of them are 
mesophytes, Thunbergia alata and Solanum lycopersicum (Danish export). 
As a plant with xerophytic modifications, Citrus sp., was chosen. All the 
plants had been grown in a greenhouse and from there they were taken 
directly to the laboratory where the experiments were performed. 


8) Results 


In figure 4 are shown automatic records of typical experiments where 
the objects have been illuminated for a short period. In figure 4a a leaf 
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Figure 4. The normal course of the transpiration during a short illumination period. 


a. Leaf of Thunbergia alata. (Leaf area 9 cm?.) 
b. Leaflet of tomato. (Leaf area 10 cm?.) 


of Thunbergia is enclosed in the transpiration cell and in figure 4b a leaflet 
of tomato is used. After an induction period of 4 minutes for Thunbergia 
and 8 minutes for tomato an increase in the humidity is obtained. In order 
to decide whether this increase is an effect of the rise of the temperature, 
depending on heat radiation, or whether it is a consequence of an opening 
of the stomata, some experiments were undertaken with moistened leaf- 
shaped pieces of green blotting-paper. It could be shown that also in this 
case an increase was obtained when the lamp was turned on. The magnitude 
of this increase was dependent on the degree of wetting of the blotting-paper. 
When the paper was drenched the increase was rather high but when it was 
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drier the increase was lower and at last disappeared. It is hardly possible 
to make a leaf model with a constant relative transpiration of the same size 
as the leaf and therefore real control experiments could not be undertaken. 
However, the increase called forth by the rise of the temperature appears 
a few seconds after the lamp is turned on and therefore it can be separated 
from the stomatal effect. In figure 4b the former effect can be discovered 
coming immediately after the illumination. It is also evident that under the 
experimental conditions it can be neglected compared to the stomatal effect. 
Therefore the increase in the humidity recorded in the curves must be 
produced by the opening of the stomata. This process can be rather well 
recorded with the corona hygrometer. After the opening of the stomata the 
curve presents a periodical course. The oscillations grow less and less 
pronounced and within about one hour they die out and the curve becomes 
a straight line. The periods are very constant but are of different length for 
the two plants, about 10 minutes for Thunbergia and about 20 minutes for 
tomato. The phenomena will be discussed later. 


When the light is put out a sudden decrease appears. It is obtained in 
the experiments with the blotting-paper too but is then much lower. How- 
ever the sharp turn in the curve may be due to the fall in the temperature. 
On the other hand, the stomata must become closed also, which is evident 
from the fact that the curve descends to the original level. Thus the course 
of the curve indicates, that the closing of the stomata takes place more 
rapidly than the opening process. 


The method of measuring transpiration by weighing excised plants or 
parts of plants alone has been in widespread use and very much discussed 
and criticized. Therefore it was of interest to investigate the transpiration 
from an excised leaf with a method which permits a continuous recording. 
In experiments for the purpose of illustrating this problem the leaves were 
always illuminated for about 75 minutes before cutting. This time is suf- 
ficient for the periodical oscillations to die out. Thus at the beginning of 
the experiment the transpiration was constant. In figure 5 the effect of 
cutting is shown. When the leaf is excised in the air an immediate rise in the 
curve is obtained (figures 5a and 5b). The experiments presented in the 
curves are performed with tomato, but similar results have been recorded 
with Citrus and Thunbergia. Only one leaflet of the tomato leaf is enclosed 
in the transpiration cell in the experiments. In figure 5a the cut is placed 
in the petiole while in figure 5b the whole leaf is excised and the cutting 
is undertaken at the base of the rachis. In the latter case the top is lower 
and more flattened. If the cut is placed on the stem at a distance of 20 cm. 
from the leaf a rather slight increase appears and if it is placed at the base 
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Figure 5. The effect of excision of a tomato leaflet upon the transpiration. 
(the arrow indicates the moment of excision). 


a. The excision is placed at the petiole. 
b. The excision is placed at the base of the rachis. 
c. The excision is undertaken at the petiole while this is immersed in water. 


of the stem, that is the whole plant is cut off at about 40 cm. from the leaf 
no peak at all is obtained. 

The magnitude of the increase after cutting is also dependent on the supply 
of water to the plant. Under normal conditions the peak is always obtained, 
but when the plant is very dry and not watered for two days and con- 
sequently almost wilting no increase appears. Experiments with leaves com- 
pletely saturated with water could not be performed. Under optimal condi- 
tions a slight increase is obtained even in some experiments in the diffuse 
light in the laboratory. Finally it should be mentioned that the result is the 
same even when the cutting is undertaken on an excised leaf with the cut 
end placed in water or if such a leaf is removed from the water. 

If a leaf is cut off under water (the petiole is immersed in water when the 
cutting is performed) a decrease of the transpiration is obtained (figure 5 c). 
The curve suddenly drops and afterwards it assumes an irregular course. 
The magnitude of the drop is to a certain degree dependent on the tempera- 
ture of the water, but even if temperated water is used a clear drop takes 
place. Trials have been undertaken with water up to +60° C. A similar drop 
is obtained if the petiole is surrounded by a saturated solution of sodium 
chloride or if the plant is watered during the experiment. In the latter case 
the temperature of the water has a very small effect. 


9) Discussion 
Two phenomena recorded in the experiments are of special interest: the 
periodical course of the curve after the stomata have been opened by the 
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light and the effects called forth by excising of a leaf. Periodical closing and 
opening of stomata, which could explain the first result have been reported 
(9, 24). In these cases the periodicity is interpreted as being of an auto- 
nomous nature. In the experiments described in this paper the oscillations 
must be of another kind, which can be concluded from the fact that the 
amplitude of the oscillations grows smaller and smaller and finally dies 
away. Furthermore, no oscillations at all could be demonstrated in diffuse 
light, which at any rate should be expected in tomato where the stomata 
according to Lundegärdh never are quite closed (17). However the oscilla- 
tions may be explained as periodical fluctuations in the stomatal aperture. 
These fluctuations may arise as a consequence of a discrepancy between 
two factors limiting the stomatal aperture. According to Stälfelt (25) we 
have two factors affecting the stomatal aperture »the photoactive system» 
and »the hydroactive system». In the actual case light causes opening of the 
stomata (photoactive system). The rate of opening is proportional to the 
light intensity (25). If the latter is sufficiently high the stomata will be opened 
so much that a drying comes up. This will cause a closing of the stomata 
(hydroactive system) until enough water is conveyed to the guard cells to 
allow a new opening of the spalts. After a certain time an equilibrium is 
established between the stomatal aperture and the water balance. Then the 
transpiration will have a constant value which in the curve is recorded as a 
straight line. If this interpretation is correct it can be concluded that in 
normally occurring light intensities it is not the stomatal aperture but the water 
balance which limits the transpiration. This is in agreement with the opinion 
put foreward by Stalfelt (26). 

An increased transpiration as a consequence of cutting off a part of a plant 
is earlier reported (5, 8, 13, 14). Two mechanisms to explain this phenomenon 
have been discussed. Firstly, under normal conditions the water columns 
in the conducting elements in the stem of a plant will be under a stress as a 
consequence of the rapid transpiration. A sudden release of the stress by 
cutting will cause the water to rush upwards and thus the leaf will be 
supplied with more water. This elevation of water will increase the transpira- 
tion directly but will possibly also cause an opening of the stomata called 
forth by an increased turgor pressure in the guard cells. Secondly, opening 
movements of the stomata have been shown to take place in wilting plants 
(4, 12, 15, 25). The present results seem to be in accordance with the first 
explanation put foreword by Iwanoff (13). The increased transpiration was 
recorded a few seconds after the cutting and no wilting could possibly have 
begun. In order to confirm his hypothesis Iwanoff made attempts to com- 
press the stem before and above the cutting. Contrary to his expectations 
the increase did not disappear but he considers that it is impossible to com- 


A NEW FAST RECORDING HYGROMETER 765 


press the conducting elements in a stem without using very high pressure. 
We have also tried to perform this experiment but failed in the same way 
as Iwanoff. Attempts to stop the vessels with cutting in melted paraffin have 
given different results. Mostly the trials have been unsuccessful but some- 
times the increase has disappeared. Now it is rather questionable whether 
the vessels can be stopped in this manner because of the difficulty in having 
the paraffin adhere to a wet surface. Some other experiments, however, are 
in agreement with the hypothesis of Iwanoff. The fact that the increase is 
less pronounced if the cut is placed at a farther distance from the leaf and 
has quite disappeared when the cutting is placed at the base of the plant 
speaks in favour of his interpretation. Furthermore, if the petiole is sur- 
rounded by a saturated solution of sodium chloride an immediate drop in 
the transpiration curve is recorded. This experiment may be taken as a 
support of the opinion that a resistance to or a facilitation of the water trans- 
port to the leaf will very swiftly influence the transpiration rate. 

In this connexion the drop in the transpiration when a leaf is excised with 
the petiol immersed in water is less understandable. To a certain extent it 
may be an effect of the temperature, but it was shown that even when this 
effect is eliminated by using temperated water the drop exists. It seems as if 
the decreased transpiration may be due to a more difficult water supply 
to the leaf if the water must be taken from free water than when the water 
is transported from the root. If this is true something must facilitate the 
water transport in the plant. Such a factor is present in the root pressure. 
In this connexion it should be emphasized that we have an unbroken water 
column from the root to the leaf and a pressure in one part of the plant must 
be transmitted through the whole water system. Furthermore, there are 
many experiments in the literature indicating a connexion between the root 
pressure and the transpiration. Satoo (23) found that rooted cuttings of 
Cryptomeria had a higher transpiration than cuttings without roots. Peris 
(19), Renner (22) and others found a decreased transpiration when the 
osmotic value in the medium was decreased. That the transpiration is 
decreased when the plant is watered is most satisfactorily explained as a 
consequence of a decreased root pressure. That the water uptake from water 
is rather difficult is seen from the experiment where a cut leaf is placed 
with the excised end in water. If the leaf is removed from the water or if the 
petiole is cut off above the water surface a sudden increase of the transpiration 
is obtained. Further experiments with the corona hygrometer will shed light 
on this problem. 

The disadvantages of the method of measuring the transpiration by 
weighing excised plants or plant organs is rather well illustrated in these 
experiments. As a conclusion of experiments with excised shoots Pfleiderer 
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(20) maintains that ihe method can be used if the weighings are under- 
taken within 2—4 minutes after the cutting. In our experiments an unchanged 
transpiration is obtained only when the whole plant is cut off from the 
roots. Therefore it seems probable that the method can be safely used only 
with rather large shoots but never with excised leaves. Hygen (11) has 
suggested that if the plant organs are completely saturated with water at the 
start of the experiments consistent results may be obtained. His opinion is 
not contradicted by the results in this paper, but ecological measurements 
with plants suffering from a water deficit are probably more or less 
erroneous. 

On the other hand, all experiments with excised plants suffer from the 
disadvantage that the root pressure is eliminated. Of course the evaporation 
from the leaves as a physical process can be studied in such cases but it is 
questionable whether in ecological experiments the real transpiration is 
recorded. 


Summary 


A new fast automatic-recording hygrometer has been constructed for 
transpiration measurements using a so-called streamer corona discharge 
from a pointed wire against a plane in air. Since this type of discharge is 
very dependent on the humidity of the air surrounding the point it can be 
used for fast humidity measurements on small air samples. The properties 
of this corona hygrometer are described. 

Among the results of the measurements three phenomena are mainly 
discussed: 

a. A periodical course of the transpiration curve after the stomata have 
been opened by illumination: the oscillations are interpreted as a consequence 
of a discrepancy between the photoactive system and the hydroactive system, 
both affecting the stomatal aperture. 

b. A sudden increase in the transpiration when a leaf is excised from the 
plant: the view of Iwanoff that the increase is a consequence of the release 
of a stress in the conducting vessels is supported. 

c. A sudden decrease in the transpiration curve when a leaf is excised 
with the petiole immersed into water: the possibility that the decrease can be 
explained as a consequence of the elimination of the root pressure is dis- 
cussed. 

The method of using excised plants or plant organs in measurements of 
the transpiration is discussed on the basis of the experiments. 

The authors want to express their sincere gratitude to Prof. H. Burström and 
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Civ. ing. V. Tullin for suggesting the problem. 
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Willstatter and Stoll first reported that oxygen was essential for normal 
carbon dioxide fixation in plants (17). The next year Warburg (15) found. 
that 3.8X 10”? M HCN was sufficient to give 46 per cent inhibition of oxygen 
evolution by the Chlorella, whereas 0.1 M cyanide gave only 40 per cent 
inhibition of the dark respiration. Franck et al. (4) used the quenching of 
fluorescence of tryptaflavin as a measure of oxygen evolution; they observed 
that the initial rate of oxygen evolution was lower than the final rate, and 
that the time of increasing rate, the induction phase, was longer in cells 
which had been kept anaerobic prior to illumination than in those which 
had been kept aerobic in the dark. When the cells were kept in an alkaline 
medium (> pH 9) these effects produced by anaerobic conditions were not 
observed. The observed inhibitions were attributed to the formation of a 
diffusible inhibitor which was neutralized under alkaline conditions. Hill 
and Whittingham, (8) employed haemoglobin solutions to measure oxygen 
production and with much shorter periods of anaerobiosis they observed the 
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same effects as had Franck. Hill and Whittingham believed that anaerobic 
inhibition, which was readily reversible by a short exposure to air, reflected 
action on an oxidase concerned with the fixation of carbon dioxide. 


Van der Veen (13) measured the utilization of carbon dioxide by cut 
leaves with a continuous recording method, and found that if leaves were 
exposed to carbon dioxide mixed with pure nitrogen, the rate of . photo- 
synthetic assimilation of CO, was slowed down after short periods of dark- 
ness under these anaerobic conditions. The inhibition was not reversed by 
long exposure to light in the carbon dioxide-nitrogen mixture, but it was 
reversed by a short exposure to air in darkness. He explained these results 
by saying that E\, the initial complexing enzyme for CO, was destroyed 
under fermentative conditions and re-formed during normal respiration. 


Gaffron (5) has reported a light reversible carbon monoxide inhibition of 
CO, assimilation by algae following long periods of anaerobic darkness. He 
believed this to be caused by inhibition of a dark reaction in the system of 
enzymes involved in oxygen liberation. 


Later Gaffron (6) showed that photoreduction was very strongly inhibited 
by carbon monoxide and concluded that its action was specific for the hydro- 
genase system. 

This paper will present data confirming the effect of anaerobic preincuba- 
tion found by van der Veen and will present evidence for coupling of the 
action of cytochrome oxidase with photosynthetic carbon dioxide fixation. 


Experimental 


Methods: First leaves of barley (Hordeum vulgare var. Oderbrucker) seven to ten 
days old were used in this work. The leaves were placed in chamber A of figure 1 
and exposed to light from a 150 watt reflector flood lamp shining through a water 
filter; this light gave an intensity of 4000 foot candles on the leaves as measured by 
a Weston light meter. In a normal air experiment, used as the control in this work, 
air was drawn into the chamber at a and out at c by a water aspirator pump. 
Stopcocks 1 and 2 and clamps b, d, and e were closed at this time. CO, was 
generated in chamber E by injecting HClO, through a serum stopper onto BaC"O, 
containing 1 per cent C!4. Just before zero time, clamp a was closed and the 
exposure chamber A evacuated momentarily through c. Clamp c then was closed 
and stopcocks 1 and 2 opened. Gas from bottle C then flushed the CO, into A 
and the stopcocks then were closed. After the exposure to C'40,, clamp c was opened 
momentarily and clamp e was removed. The vacuum created by opening c pulled 
boiling 70 per cent ethanol from tube D into chamber A; this quickly inactivated 
the leaves. The tissue was extracted for one minute by boiling the ethanol in A with 
a Bunsen flame; tube D serves as an air reflux condenser for this operation. The 
liquid, after cooling, was decanted and was extracted with benzene until free of 
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Figure 1. Diagram of apparatus. 


— COs exposure vessel, 100 ml. 
— Hot ethanol container, 150 ml. 
4 liter bottle (No) 
— 9 liter bottle (inhibitor) 
— BaC“O3 generator 
— Automobile fuel pump driven by 
eccentric shaft coupled to an electric 
motor 
a, b, c, d, e clamps, hand or electric sole- 
noid set to close rubber tubing at point 
indicated by arrow. 


Zmwoor 
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chlorophyll. Addition of benzene to the 70 per cent ethanol extract gave a homo- 
geneous solution; glass-distilled water was added until the green benzene layer 
separated from the lower white emulsion. Two benzene extractions gave nearly 
complete removal of the chlorophyll. The water-alcohol solution then was con- 
centrated in vacuo to a small volume, and aliquots were dried for measuring radio- 
activity or were put on filter paper for two directional paper chromatography. 

In experiments under anaerobic conditions, a cylinder of Linde high purity 
nitrogen was attached to the system at a and the system was evacuated and flushed 
several times with nitrogen. Then the line at c was placed in a beaker of water, and 
the nitrogen passing through A for the desired time was vented through c. After 
evacuation of A at the end of the flushing period, the CO, was swept into A with 
nitrogen from bottle C. Short-time reversal of anaerobiosis was obtained by flushing 
the CO, in with air instead of nitrogen after the nitrogen preflush. If a longer 
period for reversal of anaerobiosis was desired, the aspirator was attached at c, 
and air instead cf nitrogen was drawn through A prior to adding the C'Q,. 

If gas mixtures other than air or nitrogen were used for the preflush, they were 
made up in bottle B and were circulated through A by opening clamps b and d, 
closing clamps a, c, and e, and starting the pump F. After the preflush, clamps b 
and d were closed and were left closed during the exposure to C40,. In experiments 
in which carbon monoxide inhibition and the effect of light on this inhibition were 
tested, the carbon monoxide-oxygen mixture surrounding the leaves in A was 
replaced with nitrogen before the leaves were illuminated for their exposure to 
CO,. In this nitrogen atmosphere, even though cytochrome oxidase was reactivated 
by light, it still would be inoperative because of the absence of oxygen. Controls 
showed that this short exposure to nitrogen was not in itself inhibitory. 

Paper chromatograms of the extracts were developed in the solvents used by 
Newburgh and Burris (9). Separation of the phosphate esters was improved by 
washing the paper with N hydrochloric acid followed by washing with glass distilled 
water until the dried paper showed a neutral reaction to an indicator spray. Radio- 
autographs of the chromatograms were made with Eastman-No-Screen X-ray film. 
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Since the concentration of the C!# in the carbon dioxide used was relatively low, 
the radioautographs were too weak for adequate photographic representation, 
although the spots were well defined and readily observable. 


Results 


The first three lines of Table 1 show the reproducibility in the rate of fixation 
of CO, by barley leaves previously exposed to air. Variation in rate in this 
type of experiment was never more than five percent when tissue of the 
same age and condition was exposed to the same concentration of C14Q,. 
The fourth experiment in Table 1 shows the result of flushing the barley with 
nitrogen before exposing it to CY#O,. Experiments 7, 9 and 10 were similar 
to this one except that the period of exposure to C!4O, was shorter in the 
latter experiments. Inhibitions of greater than 90 per cent could not be 
obtained when the exposure to carbon dioxide lasted 60 seconds, whereas 
almost complete inhibitions (> 97 per cent) were obtained with 30-—40 second 
exposures. 

Comparison of experiment 7 with 10 shows that illumination during 
anaerobiosis had no noticeable effect on subsequent CO, fixation. Experi- 
ment 9 shows that an anaerobic period greater than 10 minutes was required 
for nearly complete inhibition of the CO, fixing power. Although the inhibi- 
tion developed rather slowly, it was reversed rapidly. In experiment 11, the 
CO, was swept in with air. A stimulation of CO, fixation greater than three- 
fold over its anerobic control, experiment 10, was observed. 

The distribution of C!* among compounds formed under the various 
experimental conditions was determined by radioautography of the paper 
chromatograms run on the extracts. Chromatograms from experiments run 
in air showed normal photosynthetic products with considerable C in 
sucrose, sugar phosphates, alanine, phosphoglyceric and malic acids and 
small amounts of C!* in several other spots. Barley treated anaerobically had 
a detectable level of C!* in malic acid alone. The extract from experiment 11 
had radioactivity in the sugar phosphates, alanine and sucrose. Normally, 
measurable C!* does not appear in sucrose until after 15 seconds exposure 
of the leaves to C!4O,. Thus partial reversal of the anaerobic inhibition 
occurred during a 20—30 second exposure to air. In experiment 5 previously 
anaerobic barley was exposed to air for five minutes before C#O, was 
admitted. Here reversal of the inhibition was almost three quarters com- 
plete. Radioautographs from this run were indistinguishable from those of 
normal barley exposed in air. 

Experiment 12 shows the results of a longer incubation under nitrogen 
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Table 1. Effect of aerobic and anaerobic pretreatment of barley leaves on fixation of CO. 


nn nl Ÿ 


. 0, 
Preflushing | Lensth of ne Time of ex- a Cl fixed/50 | Con- Yo 
Expt. re ey preflush, es posure to Sa ion DES Rérieps | trol Inhibi- 
8 minutes | uch CHO, seconds of CHO, counts/min. | Expt. | tion 
| | 
il air 60 = 59.3 0.60 4,290 
2 > 60 == 70 0.60 | 5,200 | 
| 3 > 60 + 60 0.60 4,500 | 
4 N, 30 Se 60 0.60 | 760 | et 8} | 
51 a)! Ny 30 Sr | | | | 
b)| air 5 je 60 0.60 3,300 Re 
6 > 60 at | 30 | 1.0 4,840 | 
7 N, 40 = 30 1.0 120 | EI 
8 air 60 == 37.4 | 1.2 | 11,700 | | 
9 Ne 10 2E 38.4 1.2 | 4,450 | 8 | 63.0 
10 N, 30 = 38.4 1.2 | 294 See 
111 a)| N, 30 ate | | | 
b)| air 39 sec. == 39.0 | 1.2 1,050 | 829225 | 
121 a) N, 50 + | | | 
b)| air 5 =È 39.0 1.2 48 IS | 99.6. | 
13 N,, 0.25 % CO,| 45 _ 23.2 0.25 LOS felipe ia) 


1 gm. tissue was preflushed with gas and exposed to C0: in chamber A of fig. 1. 

4000 fe light (150 watt reflector flood at 4 inches) was used. 

Times recorded to 0.1 second were measured electronically. 

1 (a) pretreatment; (b) subsequent treatment which preceded exposure to CO» in 


. 


experiments 5 and 12 and was simultaneous with exposure to CO» in experiment 11. 


followed by an attempt to reverse the anaerobic inhibition with air. As no 
reversal was observed, all later inhibition studies were done with shorter 
periods of anaerobiosis, which do not hinder rapid reversal of the inhibition. 


Inhibition by Carbon Monoxide 


Table 2 shows how the capacity of barley leaves to fix CO, is affected 
by flushing them with gas mixtures containing carbon monoxide. Two 
different controls were run for these experiments; exposure to 95 per cent 
nitrogen—5 per cent oxygen in the dark and exposure to 91 per cent CO— 
6 per cent O, in the light. All controls fixed C140, from an atmosphere of 
N, and CO, at approximately the same rate; the higher pCO, used in 
experiment 5 must be considered. When the plants were exposed to carbon 
monoxide-oxygen mixtures in darkness for 60 to 90 minutes then exposed to 
CO, in nitrogen while illuminated, only ten to twenty percent of the usual 
rate of fixation of C was obtained. The chromatograms of extracts from the 
controls showed normal distributions of C14. Those from extracts of the 
inhibited tissue had a normal amount of C!* in malic acid, a small amount 
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Table 2. Effect of pretreatment of barley leaves with carbon monoxide-oxygen mixtures 
on their fixation of CO». 


= | Length of| Light | = . | CH fixed/50 
| ee Preflushing gas preflush; | during | NES mg. ce ie Je : 
| minutes | preflush a we counts/min. ben 
mi 95% N-5%0, 65 = 10) 1.0 4,226 0 
2 | 91 % CO—6 % 0, 65. Ce 1.0 4,450 4 
SOS 9.00 GS O0 65 | = 1.0 814 82 
4521793109, CONS OF 60 == 1.0 860 81 
SE III E06 0; 90 | + | 1.5 7,900 0 
62212917%.60—6 %, 0, 90 — 1.5 | 640 92 
7 315% CO—6 7, 10; 90 = 1.2 | 540 — 


Tissue was preflushed with gas shown, then preflush gas was replaced with nitrogen, 
and the leaves were illuminated at 4000 fc for 2—3 minutes before C!?Os was flushed in 
with No. The C140. contained i per cent C!#; all tissue was exposed to CQ» for 60 seconds 
before killing with boiling 70 per cent ethanol. In experiments 3 and 4 and in 6 and 7 the 
tissue was preflushed with the same gas at the same time in vessels in series, and then 
fixation of C!4O. was run in these vessels in parallel after the pre-flushing. 

1 Room lights (10—20 fc) instead of darkness. 


in alanine, the sugar phosphates, and aspartic acid but no detectable quantity 
in sucrose, which is usually a major product after 60 seconds of photo- 
synthetic carbon dioxide fixation. Since carbon monoxide in the concentra- 
tion used does not stop oxidative processes completely, one would not expect 
complete inhibition of photosynthetic fixation of CO,. The percent inhibition 
found corresponds well with inhibition of cytochrome oxidase by carbon 
monoxide reported by other workers (16). | 


Discussion 


The results of exposure of barley leaves to anaerobic conditions reported 
here, confirm the observation of, van der Veen (13) that 30 minutes or more 
of anaerobicity are essential to give nearly complete inhibition of carbon 
dioxide fixation. However, his gas mixture contained 3 per cent carbon 
dioxide, and inhibition necessarily was induced in darkness to prevent photo- 
synthetic production of oxygen. The pure nitrogen used in our work was 
sufficient to produce anaerobic conditions in either light or darkness. Only 
about 5 minutes treatment with air was required to reverse most of the 
anaerobic inhibition rather than the several hours reported as necessary by 
van der Veen. The slower recovery of his tissue may have been caused by its 
longer anaerobic exposure, for our longest exposure to nitrogen also increased 
the difficulty of reversing the inhibition. 

It is possible that inhibition after short exposures to N, arises from a 
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blocking of aerobic respiration and that later a second type of inhibition 
arising from the production of fermentative products, such as ethyl alcohol, 
becomes apparent. If this be so, the ethanol would probably be removed 
but slowly on restoration of oxidative conditions, and the prolonged recovery 
period observed by van der Veen would result. The rapid recoveries from the 
shorter periods of anaerobiosis noted here may result from oxidative forma- 
tion of a required photosynthetic metabolite which has been slowly depleted 
after the cessation of photosynthetic and/or oxidative metabolism under Np». 

Exposure of barley leaves to carbon monoxide-oxygen mixtures in the dark 
produces an inhibition which is similar to the inhibition produced by nitro- 
gen, both in length of time required for subsequent recovery of CO,-fixing 
capacity and in its effect on the distribution of C' among products formed 
photosynthetically from C!*O,. Carbon monoxide is a competitive inhibitor 
(16), and enough oxygen was used here to limit the inhibition to about 
85 per cent, whereas with N, nearly complete inhibition of CO, fixation was 
obtained. Prevention of CO inhibition by illumination during exposure to the 
CO—O, mixtures may mean either that photosynthetic oxygen produced 
in situ competes with CO, or that light directly prevents formation of a cyto- 
chrome oxidase-carbon monoxide complex. The first explanation seems 
highly improbable, as the absence of carbon dioxide in the inhibiting gas 
would prevent photosynthetic liberation of oxygen. Although direct evidence 
for dissociation of a carbon monoxide-enzyme complex is not provided by this 
work, prevention of formation of such a complex by light seems much the 
most likely explanation of the results obtained. 

Gaffron (5) has shown a light reversible carbon monoxide inhibition but 
says that it is the result of a specific effect of carbon monoxide on hydro- 
genase (6). Although hydrogenase has been reported in higher plants (1) 
photoreduction has not. 

A demonstration of a light reversible carbon monoxide inhibition normally 
implicates cytochrome oxidase in the system under study. Electron transfer 
through the cytochrome system may be coupled for the production of high 
energy phosphate bonds, and this energy may aid in fixation of carbon 
dioxide as it aids in other anabolic processes in the cell (11). Newburgh and 
Burris (9) have shown that infiltration of 10-4 M 2,4-dinitrophenol into 
tobacco leaves will inhibit photosynthetic CO, fixation by 88 per cent. 
Strehler has reported (12) that the ATP level in plants varies with the 
exposure of plants to oxygen or light in such a way as to suggest that ATP 
formation is dependent on exposure of the plants to light and that its forma- 
tion precedes active fixation of carbon dioxide. Vishniac and Ochoa (14) 
have shown that light energy can be used by chloroplasts to reduce oxidized 
pyridine nucleotides; furthermore, their data strongly suggest that this stored 
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energy can subsequently be used for the conversion of ADP to ATP. Gibbs (7) 
has demonstrated that these reduced nucleotides may be used for reduction 
of phosphoglyceric acid by plant enzymes. Rosenberg and Ducet (10) have 
observed that cytochrome oxidase is present in chloroplasts and that chloro- 
plasts capable of giving the Hill reaction will reduce oxidized cytochrome c; 
apparently a complete cytochrome system is present in chloroplasts. 

These observations may be summarized by the following set of equations: 


1) 3H,0 light 3/2 0,+6H 

2) 2H+ 1/2 0, +2ADP+2PO,=— 2ATP+H,0 

3) ATP-+ »Diose» +CO,+2H — 3 Phosphoglyceric acid+ ADP 

4) ATP+3 Phosphoglyceric acid = 1,3diphosphoglyceric acid +ADP 
5) 1,3 diphosphoglyceric acid+2H = Phosphotriose +H,PO, 


These reactions give the following net reaction: 
6) CO,+2H,0+ »Diose» +PO,-— Triose Phosphate+ O, 


Reaction 1, the »Hill» reaction, occurs in the chloroplast. Reaction 2, 
oxidative phosphorylation mediated by a cytochrome system, probably occurs 
in an organized particulate system spatially separate from reaction 1. Reac- 
tions 3 to 5 probably occur in soluble enzymes in the cytoplasm. 

Since the reactions presented in the scheme are probably very closely 
coupled in intact leaves, and an excess of oxygen is produced in the overall 
reaction, effective anaerobic conditions cannot be established in the presence 
of carbon dioxide in the light. Only by exposing plants to anaerobic condi- 
tions in the dark can one lower the concentration of intermediates involved 
in the cyclic reactions to a sufficiently low level to create an initial lag in 
C40, fixation when light and CO, are again furnished. Induction effects are 
probably a reflection of the time required to bring these intermediates to a 
steady state concentration. 

Brown (2) and Brown and Webster (3) have shown that atmospheric 
oxygen is not, under usual conditions, used by algae at a more rapid rate 
during illumination than in the dark. This means that if cytochrome oxidase 
activity is essential for carbon dioxide fixation, as indicated here, the oxygen 
used is used in situ immediately after it is evolved by the photosynthetic 


apparatus. 


Conclusions 


Carbon dioxide fixation by barley leaves is inhibited as much as 97.5 per 
cent by keeping the leaves anaerobic in an atmosphere of nitrogen in light 
or dark for 30 minutes or more before furnishing C'*O,. This inhibition 
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decreases with increasing time of exposure to CO, in light. Exposure of the 
plants to air in the dark reverses the anaerobically induced inhibition. 


Exposure of barley leaves to carbon monoxide-oxygen mixtures in the dark 


inhibits their capacity for fixation of CO, somewhat less than does exposure 
to nitrogen; exposure to carbon monoxide mixtures in the light has no effect 
It is concluded that the cytochrome system may be coupled with carbon 
dioxide fixation. A scheme proposed to suggest the manner of this coupling 
may also explain observed induction effects. 
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1. Introduction 


Although much attention has lately been paid to the study of germination, 
there are no data on the mineral metabolism of seeds. Biddulph (1951) recalls 
that red kidney beans lose 50 per cent of their iron during germination. He 
also quotes other authors who studied the translocation of minerals in the 
developing seedling. No data are available, however, on the mineral changes 
during the very early stages of germination. Moreover, in many cases nothing 
is known about the mineral composition of seeds such as lettuce. Reviews of 
seed physiology generally do not even recall these problems. For this reason 
this study was undertaken as a start of an investigation of the mineral com- 
position of lettuce seeds and the changes during germination. The heavy 
metals are of special interest as they are important constituents of certain 
enzymes and their study might throw some light on the enzymology of 


germinating lettuce seeds. 


2. Methods 


Seeds were either extracted when dry or after various times and treatments during 
germination. The seeds were germinated in all cases at 26° C. in the dark. Lettuce 


seeds variety Progress were used throughout. 
The seeds were well ground with some water and a large excess of water was 


then added and the grinding continued. The resultant solution was then centrifuged 
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for 10 minutes at 2500 revolutions per minute. By this means two clear fractions 
were obtained, the residue, which is the fraction insoluble in water, and the super- 
natant. 

Where proteins were precipitated this was done by adding 90 per cent alcohol to 
a solution to bring it to a concentration of 50 per cent alcohol and the resultant 
mixture was then heated for ten minutes. In order to determine the mineral com- 
position, the various fractions were dried at 95° C. in a crucible and then incinerated 
at 650° C. in a muffle furnace. 

The residue was extracted with HCl concentrated or with concentrated HNO, in 
the case of manganese determination. 

The mineral composition of these extracts was then determined. Iron was deter- 
mined by the thiocyanate method, manganese by oxidation to permanganate with 
periodate and copper by the sodium diethyl thiocarbamate method. All the methods 
were carried out essentially as described by Snell and Snell (1949). The colours 
were determined at the appropriate wavelength using a Beckman spectrophotometer. 


3. Results 


The first determinations were carried out on the ash and iron content of 
the two fractions of the seeds, water soluble and water insoluble, after varying 
times. The experiments were carried out on triplicate samples and repeated 
three times. The ash determinations showed a remarkable constancy in the 
soluble and insoluble fractions of replicate samples of seeds under any one 
treatment. 

Table 1 shows the soluble ash as a percentage of the total and the soluble 
iron as a percentage of the total after various times of germination. It is 
interesting to note that seeds germinated in coumarin at a concentration 
which completely inhibits germination nevertheless showed a marked rise 
in iron and ash solubility after 48 hours which was similar to that in water. 

On the other hand, neither copper nor manganese show any changes in 
solubility with time or under different treatments (Table 2). Statistical 
analysis showed that the differences in iron and ash solubilities were highly 


significant (P=0.01) while those for manganese and copper were non- 
significant. 


Table 1. The changes in the soluble ash and iron fractions of lettuce seeds with time. 


—<—<—<—$—$—$———— eee 
Conditions of germination 
Total content 0/0 | Seeds en Seeds germ. | Seeds germ. | Seeds germ. 
Dry seeds | 4 48 hrs. 24 hrs. in 48 hrs. in 48 hrs. in 
| er water water coumarin 
Soluble iron... le | 33 45 | 48.5 | 
BOLUDIENAS rer | 40.5 52.5 48.5 | 
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Table 2. Changes in the soluble manganese and copper fractions of lettuce seeds. 


| | Seeds germ. Seeds germ. | Seeds germ. 
| Total content Vo | Dry seeds 48 hrs. in 48 hrs. in | 48 hrs. in 
| water coumarin | thiourea 

| Soluble Mn ............ 26.4 | 24.5 = | = 
soluble Cul nn... 56 60 53 54.6 


Although attempts were made to establish molybdenum in the seeds, these 
were unsuccessful so that it may be concluded that, within the limit of the 
methods (thiocyanate in the presence of stannous chloride) none was present. 
Spot tests based on the same method also failed to show molybdenum. 

In order to determined the amount of protein bound minerals some further 
experiments were carried out on dry seeds. The soluble fraction was treated 
with alcohol to precipitate proteins and the protein precipitate centrifuged 
off. The two fractions were then analysed separately. 

From these data the percentage of the minerals associated with the proteins 
was calculated as well as the protein minerals as a percentage of the soluble 
fraction (Table 3). 

No change in the total amount of the minerals could be detected in any 
of those minerals examined, nor did the total ash weight change with time 
or under various treatment (Fe constant at 0.018 per cent, Mn at 0.006 per 
cent, Ca at 0.015 per cent dry weight). This indicates that no loss of minerals 
occurs during germination. 

As will be seen from Table 1 there is a very large change of the solubility 
of the ash which cannot be accounted for by changes in the heavy metal 
solubilities, the heavy metals Mn, Fe and Cu being only 0.85 per cent of the 
total ash, so that a rise in ash solubility from 33 to 52 per cent cannot be 
accounted for by these metals. The ash remained at a constant total of 
4.65 per cent of the initial air dry weight of the seeds. 

Observations indicate that an ammonia precipitable element, probably 
magnesium, is one of the minerals whose solubility changes appreciably 
during germination, but this was not followed up. 


4. Discussion 


A number of interesting facts emerge from this study. It is remarkable 
that Mn is present in far smaller amounts in the seeds than either copper or 
iron (Table 3). Moreover, its solubility is uniformly low, while that of copper 
is high and that of iron changes. The changes in iron indicate a low initial 
requirement which rises with time as enzymes containing iron become active. 
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Table 3. Some data on the mineral composition of dry lettuce seeds. 


9 nn ———— 


[ ar : 2 : Minerals Protein Protein | 

| Element Total minerals |Soluble minerals associated with fraction fraction 

| | 8. seeds mg) cg, seeds mg. proteins mg. | 0/0 soluble 0/0 total 
HO nee | .184 | .055 | .043 78 23 
Mn : .0595 .0156 | .0095 61 16 
Ge 146 | .082 | .036 44 25 


Manganese on the other hand is not very essential, and consequently does 
not change. Copper seems to be in a very soluble state from the start. This 
is in accord with the previous finding (Mayer, 1954) that polyphenol oxidases, 
which are known to contain copper, are very active in extracts of the dry 
seeds. It is interesting to note that copper solubility is not affected by ger- 
mination of the seeds in thiourea which points to the fact that thiourea, 
which readily forms complexes with copper, does not render copper unavail- 
able in the seeds. 

Equally remarkable is that iron solubility increases even when the seeds 
swell but fail to germinate as is the case after germination in coumarin. 
That this change in iron solubility is not due to germination, is therefore 
obvious. Equally it is clear that it is not due merely to water absorption of 
the seeds, as if this were so the change should occur after eight hours when 
imbibition is almost complete, and not after more that twenty four hours. 

It must be concluded that a metabolic process is involved which is distinct 
from germination. 

The percentage of the metals associated with the proteins of the dry seeds 
is in accord with the date of Levitt (1952) for potato tubers who found that 


iron, copper, and zinc were concentrated to 25 per cent in the protein, while 
manganese was less concentrated. 


5. Summary 


Some aspects of the mineral composition of lettuce seeds were studied as 
were the changes during germination. Iron and copper were found in larger 
amounts than manganese. When the seeds were divided into water soluble 
and insoluble fractions it was found that soluble ash per cent total and 
soluble iron per cent total increase during germination, whereas copper and 


manganese remained constant. Possible implications of these findings are 
discussed. 


My thanks are due to Messers. Pieters Wheeler Seed Co., Gilroy, California, 
U.S.A., for providing lettuce seeds for this investigation. 
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I. Introduction and Definitions 


One of the clearest and best known examples of juvenile stages in woody 
plants is that of Hedera Helix. Whereas this plant in its youth has creeping 
or climbing unflowering shoots with three to five lobes in the leaves, it 
forms at a greater age upright flowering shoots with entire elliptic leaves. 

In the course of time similar phenomena in other woody plants have 
occasionally been described. Various conceptions and definitions of such 
juvenile stages have arisen and have caused long discussions which are 
briefly reviewed in this paper. 

The author wants to point out first that the term juvenile stage in this 
treatise will be used as follows: 

Juvenile stages represent clearly separate phases in the ontogenesis from 
seedling to adult tree. They may be characterized by morphological or 
physiological features as the shape or the physiology of the leaves or both, 
by the occurrence of certain shoot-types and types of phyllotaxis, or by 
sterility. Under certain circumstances, fertility may occur in a juvenile stage. 

Juvenile stages may be more or less well defined as to the stability of the 
characteristics by which they are distinguished from the following or pre- 
ceding stage. Furthermore, when parts of a tree have passed into a new 
stage they will not reproduce the previous phase. Exceptions from this rule 
are found, but very seldom. In cases where a juvenile character is permanent 


considerably longer than usual, or is even of an indefinite duration, the terms 
more or less fixed juvenile forms may be used. 
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When the upper part of a tree has reached the adult phase the lowest part still 
remains in a juvenile stage which will be termed the Juvenile zone. This is 
characterized either by still showing features of the juvenile type or by the 
ability of reproducing these by stooling or pruning. 


II. Previous Investigations and Observations 


1. Juvenile Stages in the Cupressineae. Literature on dendrology from the last 
decades of the 19th century contains much information about the occurrence of 
juvenile stages in the Cupressineae. Koch observed in 1852 that a cutting from 
Thuja occidentalis developed into the form Thuja occidentalis var. ericoides. The 
latter was at that time believed to belong to the genus Retinispora the characteristics 
of which were the acicular foliage (see Beyerink, 1890). Carriére (1867) records 
that a Chamaecyparis thyoides var. andelyensis, also believed to be a Retinispora, 
in 1850 had been raised from seed of Chamaecyparis thyoides. This fact and more 
general considerations made Carriére doubt the justification of keeping Retinispora 
as a genus, and (1880) he says »que la plupart des Retinispora à feuilles linéaires ... 
ne sont autre chose que des sortes de larves qui doivent perdre leurs caractéres 
quand ils deviennent adultes . . .». 

From 1879 to 1909 Beissner investigated the Retinispora question. In sowing 
experiments he showed that the Retinispora was not a true genus, and that a number 
of its forms belonged to well known species of Chamaecyparis and Thuja. He 
learned, for instance, that one plant of Chamaecyparis thyoides was raised from 
seed of Chamaecyparis thyoides var. andelyensis, and that this plant passed through 
a short stage belonging to Chamaecyparis thyoides var. ericoides which had been 
classified as a Retinispora. He also found that seed from Chamaecyparis pisifera 
squarrosa and from Chamaecyparis pisifera produced seedlings which passed through 
a longer or shorter phase with squarrosa characters and another with plumosa 
characters before they developed into the ordinary pisifera form (1879 a). Another 
case (1899) showed that seed from a Chamaecyparis pisifera gave fifteen plants of 
which twelwe were normal pisifera, two had squarrosa characters at their base but 
plumosa characters in their tops and one still held the squarrosa characters when 
7 years old. 

These investigations made Beissner discard the genus Retinispora, and he grouped 
its former species as juvenile or intermediate forms within other genera. This was 
a great progress towards a better classification. 

Beissner also discussed the origin of such forms which seemed to stay juvenile 
for ever, and supported by his investigations and experiences of other workers 
(Hochstetter, 1880; Beyerinck, 1890) he claimed that these forms had been created 
by a repeated propagation by cuttings from the small branches at the base of such 
seedlings, which retain their juvenile stage for some time. He believed to be able 
to fix the forms by this procedure. He made experiments and actually fixed some 
juvenile forms. A number of these, however, developed into normal forms, but in 
these cases he believed in a future success by the effect of repeated propagation 
work. 

Goebel (1901), Molisch (1916) and other biologists considered Beissner’s con- 
ception to be correct, but the author can only regard it as partly correct: 
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There is much evidence that cuttings from the lowest branches of a given seedling 
often remain in the juvenile stage longer than the higher branches and the leader. 
Theoretically some of them may even stay juvenile for ever. Although this has a 
bearing also on the study of juvenile stages it is preferable to regard it as a case 
of topophysis, but it should be noted that it is topophysis within the juvenile zone. 
Cuttings or grafts are said to show topophysis when they preserve the individual 
qualities of the shoot from which they originate (Molisch 1916). There are many 
examples of topophysis, some of the best known being that cuttings from low 
branches of young seedlings of Pinus pinea, Pinus canariensis and Araucaria excelsa 
continue to behave like low branches (Hochstetter, 1880; Vöchting, 1904). The 
difficulty of bringing a graft from a side branch of many Abies species to develop 
a normal leader is also caused by topophysis. 

The author therefore believes that Beissner and others were able to fix some 
juvenile forms, at least for many years, because of strong topophysis in the 
branches used for cuttings. In this way it was no doubt possible to create some 
new types with juvenile foliage, often more or less dwarfed and short-lived, but it 
is more likely that the vigorous plants with juvenile foliage which are found in 
gardens as for instance Chamaecyparis pisifera squarrosa and plumosa are cuttings 
from individuals of Chamaecyparis pisifera which stay juvenile for many vears, 
in some cases throughout their lifetime. There is a large individual variation within 
the species as to the duration of the juvenile stage. Beissner actually noticed the 
existence of such individual variation, but scarcely realized that it might lead to 
the everlasting juvenile type. 

One would expect, and preliminary sowing experiments have indicated, that seed 
from Chamaecyparis pisifera squarrosa generally produce a greater percentage of 
plants with a prolonged juvenile stage than seed from typical Chamaecyparis pisi- 
fera (Michaelis 1951). ; 

In those Cupressineae which develop imbricate, scale-like leaves many examples 
are found of juvenile forms, always characterized by the acicular foliage. They are 
normally sterile. Some extreme cases will be mentioned. 

According to the terms used here Thuja plicata offers an example of a species 
with a very well defined juvenile stage. Individual variations in the extremely short 
cycle are small. Cases of fertility are not known. Chamaecyparis pisifera on the 
contrary represents a species with 2 juvenile stages, which are generally short and 
sterile, but great individual variations exist as to their duration and fertility. 
According to Beissner (1900) rejuvenation takes place. A less well-defined stage, 
described by Koch (1873), is found in some individuals of Thuja occidentalis where 
the intermediate stage Thuja occidentalis var. Ellwangeriana producing partly 
acicular partly scale-like leaves may last for many years. 

In the Sabina section within Juniperus various juvenile stages also exist; these 
are generally less well defined. The young seedling starts with acicular leaves like 
those being the only type of leaves in for instance Juniperus communis, next comes 
an often prolonged intermediate phase in which both branchlets with acicular and 
scale-like leaves are produced. The final stage only has leaves of the scaly type. 
Several more or less fixed forms are often cultivated; compare for example the 
varieties of Juniperus chinensis. 

Besides the above mentioned classical examples Diels (1906) refers to a consider- 
able number of woody plants from New Zealand and Australia in which juvenile 
stages are easily recognized, first of all numerous Eucalyptus and Acacia species. 
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Diels especially draws attention to the often considerable influence of external 
factors on the duration of the stages. In this connection he discusses Goebel’s pioneer 
experiments in Campanula rotundifolia, but it would lead too far here to treat the 
numerous works on development stages in herbacious plants. Beissner and especially 
Beyerinck (1890) also noticed such influences by external factors, although no real 
experiments were carried out in the Cupressineae. 


2. Juvenile Stages in Fruit Trees. Apart from the work on the false genus Retini- 
spora in the 19th century very little occurred in the field of juvenile stages until 
the discussion on » Jugendformen» in fruit trees began. 

Michurin (Selected Works, 1949) gives a description clearly showing that he as 
one of the first has observed the existence of juvenile stages in fruit trees. He 
even tried to make cuttings from different shoot generations in order to study the 
duration of the stages. Molisch (1916) also gives examples of juvenile forms in fruit 
trees and discusses the extremely difficult problem of senility in old clones referring 
to Knight (1795), Jessen (1854), and Moebius (1897). Kobel (1930) used the term 
» Jugendsterilitat» in apple trees and asked for the proof of its existence. 

Passecker (1940, 41, 43, 44) treated the question in fruit trees, especially apricots. 
He mentions that the leaves in juvenile forms differ considerably in shape and size 
from those of later stages and emphasizes the greater rooting capacity of cuttings 
from juvenile forms. Passecker also maintains that apple clones have lost their 
Juvenile stage because grafting always is carried out with scions in older stages, 
He believes in individual differences and the effect of external factors in respect 
of duration of the stages. He also regards the juvenile stages as sterile but expects 
to find exceptions in accordance with Diels and Beissner. Passecker was not able 
to fix the stage by layering low branches and only considers stooling and earthing 
up a means of temporary fixation. 

The greater rooting capacity of cuttings from juvenile forms seems to be a 
universal feature, and only an extract of the considerable literature touching on 
these problems can be quoted here (Anonymous, 1941; Deuber, 1942: Edgerton, 
1944; Frischenschlager, 1939; Gardner, 1929; Grace, 1939; Miyajima, 1951; Muhle 
Larsen, 1946). 

Kemmer (1947) discussed Passecker s work and agreed that fruit tree seedlings 
had a »Primarstadium», but he would not regard it as »ausschliesslich entwicklungs- 
bedingt» or call it »Jugendform» as fixation in the sense of the word used by 
Beissner was never proved. He stressed that the shape and size of leaves were easily 
modified characters and gave examples of old clones rooting readily. 

Passecker (1947) gives a very complete picture of the problems by going through 
the old examples and quoting important literature. His views are clearly formulated 
as follows (1949): »Nach meiner Auffassung hat man unter einer Jugendform die 
Gesamterscheinung der äusserlich erkennbaren Ausprägung von Merkmalen zu ver- 
stehen, die für das jugendliche noch nicht sexuell fortpflanzungsfähige Gewächs 
charakteristisch sind». Passecker discusses a possible senility in clones propagated 
vegetatively for centuries and mentions the classical examples as for instance some 
old weak apple clones. Fig. 1 shows a reproduction of his schematic drawing demon- 
strating the zones of development in a tree. | | 

Fritsche (1948) systematically examined juvenile and adult zones in seedlings 
of fruit trees and showed differences in branching habits, in the anatomical and 
chemical proporties of the wood, in pubescence and size of leaves, and in rooting 
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Figure 1. Zones of development in a tree. After Passecker. 


MBB = Ugendtorm 
= Übergangsform 
C2 = Merstorn 


ability. He was not able to force flowering in any of 220 juvenile seedlings which 
were ringed. He grafted scions from leaders of 3 year old seedlings to flowering 
branches of old trees, but the grafts did not flower until 3—4 years later. Scions 
from 2 year old seedlings grafted to East Malling Type IX stocks gave similar 
results; these results are considered to prove »dass die Reiser in der Jugendform 
weiterwuchsen, bis die obligatorische Anzahl Jugendjahre absolviert waren». In the 
latter examination no exact details of comparative methods are given. 

The discussion went on. Kemmer gave examples of flowering within the juvenile 
zone, rooting ability in old branches and modifications of leaf-characters (1950, 
‘52, 53). He observed the initiation of flowering in 817 apple seedlings compared 
with one graft of each on rootstock E.M. IX (1953). In the majority of cases the 
grafts flowered 1 or a few years before the seedlings; instances of the reverse order 
or of a simultaneous flowering took place however. In this connection Passecker 
(1952) repeats his views with only little additional information and says that one 
should not overlook »die Tatsache, dass Geschlechtsreife und Blühwilligkeit zweierlei 
Erscheinungen sind». 

There appears to be little non-European literature on juvenile forms. However, 
Furr, Cooper and Reece (1947) describe characteristics of juvenile stages in Citrus 
species, primarily thornyness, but mention the interesting fact that flowering often 
occurs in seedlings »within the first year of the juvenile phase». Other examples 
of such extremely early flowering are known from Coco-nut (Diels 1906), Oak 
(Jost 1907) and Mountain Pine (Herrmann 1951). It was possible to force flowering 
by ringing young seedlings, whereas untreated seedlings of the same age and origin 
did not flower. In one experiment, however, using 3 year old seedlings, no flower- 
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buds were formed by ringing. Juvenile forms grafted to old branches did not flower, 
They quote Frost (1943) when saying: »the trunk of a thorny seedling and the 
proximal portion of its main branches retain for a long time the ability to produce 
thorny shoots.» 

When studying the thorny juvenile phase in Citrus, Frost (1938) even showed 
that grafts from the thorny lower part of one unbranched shoot became thorny, 
whereas grafts from the smooth distal part of the same shoot became smooth. This 
proves that stability in respect of the phase of development within the same shooi 
generation, even in the same shoot, was so great that transference by vegetative 
propagation was possible. 

Dijkman (1951) and Ferwerda (1953) are using the terms JT-buddings (juvenile 
type) and MT-buddings (mature type), showing that many rubber research people 
regard the existence of juvenile forms as a fact. 

Remberg (1944) describes the juvenile stage in Carya Pecan as sterile with reddish 
pubescent leaves. By budding juvenile and » bearing» type clones to a bearing tree 
both types proved to retain their characteristics, a few juvenile clones, however, 
changing gradually as might be expected. It is stated that »transition from juvenile 
to bearing characteristics is gradual, and flowers may be produced on shoots that 
are not of the typical bearing type». Romberg also noticed individual variations 
and the influence of external factors with regard to the age of change from the 
juvenile stage to the bearing one. 


3. Rejuvenation. Having realized the existence of juvenile stages in woody plants 
the possibilities of an artificial rejuvenation become of interest. Wellensiek (1952) 
maintained that it is possible to force the formation of round woody bodies in the 
bark by debudding. The shoots from these so-called sphaeroblasts are believed to 
be of juvenile type. 


4. Conclusions. The literature quoted may be considered sufficient proof 
that juvenile stages used in the author’s sense of the word exist in all species 
mentioned. The reason that so much discussion has started lies partly in the 
fact that many juvenile stages are less well defined which means that a 
great number of exceptions can be found, especially when the definitions 
of the word »juvenile form» have been too definite. One should for example 
avoid claiming that juvenile forms are fully sterile or that they always pass 
through an obligatory number of » juvenile years». 

The existence of different degrees of topophysis, even within the juvenile 
zone of the plant and in the same shoot generation of one unbranched shoot, 
proves that exact experiments are necessary in order to carry out detailed 
studies of the complex question of juvenile stages in woody plants. 

In accurate descriptions of juvenile stages it is preferable to use characters 
which are only slightly influenced by external factors. The shape of leaves 
for instance is a suitable character in Hedera Helix and some Eucalyptus 
species, whereas the size of leaves is generally less suitable. 


52 
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III. Previous Observations of Juvenile Stages in 
Relation to Silviculture 


As it could be expected most of the work on juvenile stages has been done in 
species used in gardening and horticulture, because the existence of the juvenile 
stages become more evident by vegetative propagation. In forestry, however, little 
is so far known of this problem. 

It is worth mentioning that the special characters of epicormic shoots (water- 
sprouts) in trees have occasionally attracted attention, but generally the connection 
to juvenile zones has not been recognized. Molisch (1916) and Binning (1948), 
however, mention that epicormics vegetatively propagated continue for some time to 
behave like epicormics. 

Schramm (1912) made small-scale experiments in order to show that for instance 
young beeches, even in full light, were not able to form typical sun leaves, whereas 
the most shaded leaves in old beeches were never modified into typical shade leaves. 
In spite of the scanty material his figures are so striking that the author believes 
his observations to be correct. Schramm mainly refers to works on herbacious 
plants (Goebel and others) and among the literature on juvenile forms only quotes 
Diels. Schramm mentions that the total length of veins pr. mm? is much greater in 
leaves in old trees than in young ones. In his investigations Schramm is however 
handling easily modified leaf characters, and silviculturists have paid more attention 
to investigations by Engler (1911), Helms (1918) and other workers, who proved 
experimentally that external factors caused very important modifications in leaf 
anatomy, and consequently in physiology. Passecker (1947) has again drawn atten- 
tion to Schramm’s investigations and similar studies by Nordhausen (1912) and 
Schreiber (1924). It is in this connection also of interest that Benedict (1915) found 
a correlation between size of vein islets in leaves and the age of shoots in Vitis 
vulpina; this character is identical with Schramm’s length of veins pr mm?. 

Passecker also believes that the ready rooting of greenwood cuttings from very 


young aspen seedlings is due to a juvenile stage in those plants. This might also 


explain that greenwood shoots from rootpieces of aspen are easily propagated by 
cuttings, the so-called RS-cuttings (Muhle Larsen 1943, 1946). 

Finally it has a bearing on the authors investigations that 1 year old, and some- 
times even older, seedlings of Larix often retain most needles during the winter 
(Goebel 1901) and that Simon (1914) showed that young trees of the tropical species 
Albizzia moluccana renew their leaves at a constant rate throughout the year 
whereas leaf production in older trees is distinctly periodic. 


IV. Author’s Observations and Experiments 


Since 1951 the author has been working with tree breeding experiments 
in Fagus at the Arboretum of Horsholm; the main work of the institution is 
to select superior trees in the forests, propagate these specimens vegetatively 
and cultivate clones in seed orchards in order to produce seed of superior 
genetic qualities. Difficulties in making the clones flower in a reasonable 
short time lead to the following investigations. 


JUVENILE STAGES IN WOODY PLANTS 789 


Figure 2. Young Beech, raised from seed. Phot. 
Dec. 15, 1953. The number of leaves gradually dimi- 
nisches according to height above the ground. Above 
a certain height there are none. The cone, by which 
the leaf-retaining part of the tree could be circum- 


scribed, is indicated. 


1. General Observations. It is a well known fact that young beech plants 
do not shed all their withered leaves in the autumn as no separation layer is 
formed, whereas older specimens carry no leaves during winter. The young 
plants do not shed their leaves until the following spring just before or during 
the period of flushing. In some cases many leaves remain at least 1 year 
more. It is also a well established fact that a hedge of beech, cut annually, 
keeps most of its leaves even when it is very old. There is also evidence that 
epicormics in the lower parts of old beech trunks often retain their leaves 
(fig. 4); this also applies to stump sprouts. In young single trees many leaves 
of the lower and lowest branches are not shed. The leaf-retaining part of the 
tree could be circumscribed by a cone (fig. 2). The height and form of this 
cone vary according to individual genetic differences of the trees. 

Beeches generally begin the shedding of their leaves at the tips of the 


shoots, and a number of tips, also in very young seedlings, generally shed 
a few leaves. This is for example evident in seedbeds of 1 year old seedlings, 
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Figure 3. Hedge of Beech. Phot. Dec. 15, 1953. a: Grafts from 1941; scions taken from 
leaf-shedding branches of an old tree. b: Normal hedge plants raised from seed. 


which generally have no leaves, but in some cases keep a few leaves at their 
base. In cases of poor ripening the tips, even of older trees, will often retain 
some leaves. It is important to notice that young seedlings shed most or even 
all of their leaves when very shaded or hampered in other ways. This is for 
instance evident in lower parts of hedges. In denser young stands the 
character could not be observed except along the borders of the stand as the 
lower branches are normally dead. Consequently, these preliminary investiga- 
tions have been carried out with single trees only. 


2. Observations in Grafts and Cuttings at the Arboretum. Generally the 
scions for grafting are taken in the tops of old beeches which retain no leaves, 
and these scions, when grafted on young seedling-rootstocks, shed their 
leaves every autumn. In this respect they behave as if they were still growing 
in the crown of an old tree. In a hedge at the Arboretum a good example 
was found, because some of the beeches used for planting represent an old 
grafted clone, whereas the rest were raised from seed using the ordinary 
practice. Even if these grafts are treated as a hedge it is impossible to make 
them lose the ability of forming a separation layer in their leaf stalks each 
autumn (fig. 3). 

As it is very difficult to propagate beech by cuttings and layers, just a few 
cuttings and one layer from leafless parts of old trees exist. All of these true 


clones, however, shed their leaves even on their own roots and thus behave 
like old beeches. 
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Figure 4. Beech, V. 440. Scions were taken from 
this tree in 1952 for grafting the plants in fig. 5. 
Phot. Nov. 28, 1953. 


When a rootstock is exceptionally allowed to keep a few shoots of its own, 
one can observe that these shoots retain their leaves like young seedlings. 
Consequently there is in this character no evidence of the scion influencing the 
stock or vice versa. 

Scion wood from young leaf-retaining trees have been used only in few 
cases, but each time with the result that grafts behave like young trees and 
keep most of their leaves during the winter. 

In 1939, an old tree (V. 440) was selected for breeding purposes, and a 
number of grafts were made. It came out that the clone behaved differently 
as to the character studied. In the winter of 1951 it was observed that, out 
of the still existing 12 grafts, 5 shed all leaves, 5 others acted like seedlings 
of about the same age and 2 remained on an intermediate level. Looking up 
the old records it was possible to state that all scions had been collected from 
epicormics, and the theory was formed that some scions originated from 
low, more or less leaf-retaining epicormics, others from higher leafless ones. 
In the winter of 1952 and 53 each of the grafts proved to show approximately 
the same degree of leaf-retaining as in 1951; the relative constancy of the 


character was proved in this way. 


3. Experiments. The observations on the behaviour of grafts and seedlings 
of beech all pointed towards the existence of a leaf-retaining juvenile stage, 
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Figure 5. Beech clone, V. 440. 3X18 grafts; scions taken from the tree in figure 4 in 1952. 
Phot. Nov. 19, 1953. a: Scions from leaf-retaining epicormics. b: Scions from leaf-shedding 
epicormics. c: Scions from branches in the top of the tree. 


‚which is parallel to the examples reviewed in the first part of this paper. 
However, this theory still had to be proved. In 1952 scions were therefore 
collected from the same tree. This time scions from the low, leaf-retaining 
epicormics were kept separate from those which were taken either from 
higher situated, leaf-shedding epicormics or from branches in the very top 
of the tree. Simultaneously scions were collected from one leaf-shedding and 
one leaf-retaining graft of V. 440 from 1939. Besides grafting on young root- 
stocks, a few scions were grafted in the crown of an old tree. The results 
are very clear. They are shown in table 1 and in figs. 4, 5 and 6. 

So far no case of spontaneous rejuvenation has been found among some 
thousand grafts with leaf-shedding scions. In 1952 and 1953 small-scale 


Table 1. Grafting Experiments, showing firmness of the juvenile stage in beech. 


Winter 1953/54 
Scions taken from Rootstocks ___ Number of Grafts 
| leaf-retaining | leaf-shedding 

NO EEE anne | Seedlings 0 47 

V. 440. Leaf-shedding Epicormics ....... Seedlings | 0 33 

V. 440. Leaf-retaining Epicormics ....... Seedlings of 0 

r : Seedlings 0 | 30 

V. 440. Leaf-sh g 8 

| V.440. Leaf-shedding Graft from 1939 . . vor aoe " | 3 

| aul Seedlings 58 0 
V.440. Leaf-ret ¢ 8 3 | 

eaf-retaining Graft from 1939 ... vor Tree 7 0 
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a b c 


Figure 6. Grafting of leaf-shedding and leaf-retaining specimens on old wood. Phot. Dec. 15, 

1953. a: Old tree, in 1952 used as stock for a number of clones, among these V. 440. 

b and c: Close-ups ofthis clone. b: Scions taken from a leaf-shedding graft from 1939. 
c: scions taken from a leaf-retaining graft from 1939. 


experiments were made in order to force the formation of sphaeroblasts 
according to the methods of Wellensiek (1952). Some sphaeroblasts were 
formed, but they were all so near to the nodes that they may not be what 
Wellensiek terms typical. Shoots from such sphaeroblasts shed their leaves, 
and cuttings from them did not take root. 

The author knows only one case in which a high branch in an old beech 
retained most of the leaves during the winter. The observations cover the 
winters of 1952/53 and 53/54. This might be an instance of rejuvenation. 


4. Conclusions. The results from the authors observations and experi- 
ments clearly show that Fagus sylvatica has a juvenile stage of which the 
most obvious character is that of retaining most leaves during the winter. 
As rejuvenation only occurs in exceptional cases, if at all, the juvenile stage 
can be characterized as very well defined. This is also stressed by the fact 
that scions in juvenile stages still retain the leaves, even when grafted to a 
stock in the adult stage. In a normal hedge the juvenile stage is fixed. The 
cone-shaped juvenile zone points to the existence of stronger topophysis in 
the lower branches. 

There is no evidence that leaf-retaining branches or epicormics have ever 
flowered or carried seed, and it is probable that juvenile parts could nor- 
mally not be forced to form flower buds. This has a direct bearing on forest 
tree breeding as scions for use in seed orchards should never be collected 
from leaf-retaining parts of a beech tree. On the contrary material should 
be collected from branches which are known to flower. 
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When using the important method of estimating the genotype in tree shows 
(Syrach Larsen, 1947) attention should also be paid to the existence of the 
phases of development under review. 

The investigations reported here represent a detail in the study of juvenile 
stages in forest trees. The primary aim of such studies seems to be to prove the 
existence of these stages, including research on qualities such as firmness 
and duration. Furthermore the influence of environmental factors should be 
studied, and vegetative propagation ensures a possibility of repeating and 
combining Schramm’s and Engler’s experiments by using material from 
different development stages in clones. The author believes that important 
results could be gained in favour of the applied botany, especially forest tree 
breeding and silviculture. 


Summary 


After explaining what the author understands by the term juvenile stages 
in woody plants and by calling a juvenile stage well defined the most 
important literature on the subject is briefly reviewed. 

The conclusion drawn is that juvenile stages exist in many species, but 
there is a great variation in their being more or less well defined. One reason 
is that various degrees of topophysis exist within the juvenile stages. Exact 
experiments are necessary for detailed studies of these problems. 

By observations and experiments the author proves the existence of a well 
defined juvenile stage in Fagus sylvatica, the main character being the ability 
of retaining most of the withered leaves during the winter. Finally, future 
objects of the studies and their application to forest tree breeding and silvi- 
culture are briefly outlined. 
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It has been shown by Gradinaroff (2) that freshly cut potato tubers are 
generally not attacked by certain Fusarium species (F. solani, F. solani 
v. Mart., F. culmorum, F. avenaceum, F. sambucinum) but when inoculated 
with Phytophthora infestans the tubers lose their resistance to Fusarium. 
High temperatures (above 30° C) also decrease the resistance. Behr (1) has 
shown that alcohols and chloroform have a similar effect. 

The following report deals with the effect of ultra-violet light on the 
resistance of cut potato tubers to Fusarium species and describes some experi- 
ments on the change in resistance which is caused by the irradiation. 


Materials and Methods 


The following potato varieties and Fusarium species were used: 


Potato varieties. Fusarium species. 
King Edward VII F. solani (Mart.) APP et Wr. 
Bintje F. solani (Mart.) var. Marti APP. et Wr. 11 Wr: 
British Queen F. culmorum (W. Sm.) Sacc. 


Ackersegen 


The potato varieties were furnished by Inst. f. växtodlingslära, Kungl. 
Lantbrukshögskolan, Uppsala, Sweden and Inst. f. vaxtforskning o. kyllag- 
ring, Nynäshamn, Sweden. 
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The fusarium species were obtained from Inst. voor Schimmelcultures, 
Baarn, Netherlands. 


The experiments were carried out in the following way: the tubers which were stored 
at 6° C were thoroughly washed and wiped off with a piece of cotton-wool, soaked in 
70 per cent alcohol. Discs of 5 mm. thickness and 12—18 mm. diameter were cut, 
partly from the pith and partly from the region immediately (about 1 mm.) beneath 
the cork tissue. These discs were rinsed in sterile distilled water and placed in sterile 
Petri dishes. The dishes were furnished with filter paper in the bottom and were 
wetted with 1 ml. sterile, distilled water in order to maintain the humidity. Black 
filter paper was most suitable as background for later photography work. Some of 
the dishes served as control and the others were irradiated with light from a Hanau 
mercury lamp at a distance of about 40 cm. The potato discs were inoculated with 
two drops of a water suspension of Fusarium mycelium from a medium of 2.5 per 
cent malt extract and 1.2 per cent agar. Care was taken with the discs from the 
cork tissue so that only the surface nearest this tissue was inoculated. When nothing 
else is mentioned the dishes were kept at 20° C for six days and then photographed, 
the amounts of mycelium on the discs being estimated. 

In order to examine to what extent substances diffuse out of potato tissue an 
auxanographic method was used: 1 ml. Fusarium suspension was mixed thoroughly 
in a Petri dish with a synthetic medium containing 0.40 g. glucose, 0.25 g. K,PO,, 
0.15 g. MgSO, and 3 g. agar in 200 ml. water. Potato discs were put on the stiff agar 
surface with that surface downwards which was to be examined. They were kept 
there for 24—48 hours and then removed. Depending on the amounts of nitro- 
genous substances which diffused, a zone of mycelial growth of various size was 
formed around the region of each disc. Optimum of mycelial growth was reached 
one day after the discs had been removed. The plates were kept at 25° C and photo- 
graphed 2—3 days after the removal of the discs. 


Experiments and Results 


The four potato varieties mentioned above were irradiated with ultra- 
violet (UV-)light and inoculated with the three Fusarium species. A marked 
decrease of the resistance for the irradiated tubers compared with the un- 
treated controls was observed in all cases. The type of mycelial growth was 
somewhat different for the three fungi but as a rule the obtained results 
were the same. Figure 1 shows the result obtained with King Edvard VII, 
inoculated with Fusarium culmorum. Discs from the pith of the tubers 
were used. 

The same dose of irradiation was required for the different potato varieties 
in order to get abundant mycelial growth. This dose was found to be de- 
pendant on the age of the tubers, being about two minutes in August and 
decreasing to 1 min. in April. 

The ability for the irradiated tissue to regain its resistance was studied 
in the following experiment: 1 cm. thick discs from the pith were divided 
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[i 


Figure 1. Effect of UV-light on the resistance of potato to Fusarium culmorum. 
Upper dishes: untreated discs inoculated with Fusarium culmorum. — Lower 
dishes: discs irradiated 2 min. with UV-light and inoculated with F. culmorum. 
Photographed 6 days after treatment. 

Figure 2. Duration of the effect of UV-light on the resistance of potato to Fusarium 


culmorum. 

Dises irradiated 80 sec. with UV-light and inoculated with Fusarium culmorum. 
— Upper discs: inoculated 23 hours after irradiation. — Lower discs: inoculated 
immediately after irradiation. — Photographed 7 days after irradiation. 


into halves (0.5 cm. thick) so that two discs with surfaces as identical as 
possible were obtained. They were put beside each other in Petri dishes 
and irradiated 80 sec. One disc of each pair was inoculated immediately, 
the other only moistened with distilied water and not inoculated until after 
23 hours (Figure 2). Figure 2 indicates that the irradiation has not been strong 
enough to kill the tissue, for this has still the ability to recover to a certain 
degree. 

The influence of temperature on the recovering process after irradiation 
was also studied. Irradiated discs from the pith were kept at 8 C respectively 
95° C for 24 hours and then inoculated with Fusarium culmorum. The result 
is shown in figure 3. 

It is obvious that the irradiated discs recover better at 25 C than at 32% 
The recovering process is probably connected with the formation of wound 
periderm. Priestly and Woffenden (3) showed that this formation, which is 
brought about in 48 hours at 26° C takes 12 days at 16° C. This result was 
confirmed by Sanford (4). 

Irradiation of tissue from the pith and from the layer immediately under 
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Figure 3. Effect of temperature on the recovery of potato tissue after UV-irradiation. 

Discs irradiated 2 min. with UV-light and inoculated with Fusarium culmorum. — 
Left: kept 24 hours at 8° C between irradiation and inoculation. — Right: kept 24 hours 
at 25° C between irradiation and inoculation. — Photographed 6 days after inoculation. 


the cork showed that the pith lost the resistance to Fusarium for doses which 
did not affect the tissue from the peel (Figure 4). 


This result aroused the question whether the effect of the irradiation could 
be prevented by ascorbic acid. For that purpose the following experiment 
was made: discs from the pith were cut and half the number kept for two 
hours in a solution of ascorbic acid, buffered to pH 6 (200 mg. ascorbic 
acid, 12 ml. 1/15s-M Na,HPO,, 100 ml. water) and the remainder of the discs 
put in a buffer solution of the same pH (9 ml. ‘/15-M KH,PO,, 0.7 ml. 
1/15-M Na,HPO,, 100 ml. water). The discs were then placed into Petri dishes. 
irradiated 1 min. with UV-light, rinsed in sterile distilled water and inoculated 
with Fusarium culmorum. The result was that the discs which were treated 


with ascorbic acid were practically unaffected. The others, however, had 
lost their resistance (Figure 5). 


An objection could be made that the higher concentration of potassium 
ions in the buffer solution was responsible for the result. This was examined 
in the following way: discs from the pith were kept for two hours in solutions 
of 0.1 g. KCl resp. 0.08 g. NaCl in 100 ml. water and then treated as in the 
experiment above. The resistance was decreased to the same extent in both 


cases, which result seems to indicate that the ascorbic acid prevents the 
effect of irradiation. 
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Fig. 5. 


Figure 4. The different effect of UV-light on discs from the peel and the pith of potato 
tubers. 
Upper dishes: discs from the peel. — Lower dishes: discs from the pith. — All 
dises irradiated 75 sec. with UV-light and inoculated with Fusarium culmorum. 
Photographed 6 days after inoculation. 

Figure 5. Effect of UV-light on potato tissue, treated with ascorbic acid. 
Upper dishes: discs soaked 2 hours in ascorbic acid. — Lower dishes: discs 
soaked 2 hours in buffer solution. — All discs irradiated 1 min. with UV-light, 


inoculated with Fusarium culmorum and photographed 6 days later. 


All the experiments which are shown in the figures above have been 
repeated three times with Bintje and King Edward VII with the same results. 

A small experiment gave the result that UV-irradiated potato discs de- 
creased in weight more than untreated ones when kept at room temperature 
and normal humidity. It was supposed that this was due to an increased 
permeability of the cells to water. The question arose, whether any change 
in the permeability to solutes could be detected, and to that end auxano- 
graphic experiments were made (the technique is described above). The 
agar medium used was devoid of nitrogen but in other respects complete for 
Fusarium, so there could be no mycelial growth in the plates if no nitro- 
genous substances diffused out of the potato discs. Some experiments were 
also made with a substrate, containing nitrogen but lacking carbon. 

It appeared from the mycelial growth that nitrogenous substances diffused 
out to a much greater extent from UV-irradiated potato discs than from 


untreated ones (Figure 6). 
It might be said that the exudation was caused by Fusarium and not by 
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Figure 6. Effect of UV-irradiation on the exudation of nitrogenous substances 


from potato tissue. 
Upper dishes: untreated discs kept on agar 26 hours. — Lower dishes: irradiated discs 
kept on agar 26 hours. — UV-irradiation 5 min. Agar medium devoid of nitrogen, mixed 
with a suspension of Fusarium culmorum. Photographed 3 days after the removal of the 


discs. The better growth of mycelium in the lower dishes indicates a greater exudation 
than in the upper dishes. 


the irradiation, since the fungus could affect the potato discs for 26 hours 
before they were removed. In order to examine this, the following experi- 
ment was made: irradiated respectively untreated discs were kept 26 hours 
on agar devoid of nitrogen. After the removal of the discs 1.5 ml. Fusarium 
suspension was poured on the surface of each agar plate. After three days 
a pronounced growth of mycelium could be observed in the dishes where 
the irradiated discs had been but very little in the others. This result shows 
clearly that ultra-violet light by itself can bring about an increased exuda- 
tion from potato tissue. 

An experiment where glucose was substituted by 0.7 g. ammonium sulphate 
is Shown in figure 7. The result of this experiment shows that some carbon- 
aceous substance has diffused out from the irradiated discs but not very 
much from the untreated discs. This substance may, however, be the same 
as the nitrogenous substance in the experiment shown in figure 6, for 
instance an amino acid. 

The experiments shown in figures 6 and 7 were made in April with tubers 
of the variety King Edward VII which had been stored at 6° C. Discs from 
the pith were used. The same experiments were made with Bintje and gave 
the same results, except that the zones of mycelial growth were not quite 
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Figure 7. Effect of UV-irradiation on the exudation of carbonaceous substances from 


potato tissue. 


Upper dishes: untreated discs kept on agar 26 hours. — Lower dishes: irradiated discs 
kept on agar 26 hours. — UV-irradiation 5 min. Agar medium devoid of carbon, mixed 


with a suspension of Fusarium culmorum. Photographed 3 days after the removal of 


the discs. 


Figure 8. Effect of UV-irradiation on the exudation of nitrogenous substances 
from potato tissue. 


Upper dishes: untreated discs kept on agar 24 hours. — Lower dishes: irradiated discs 
kept on agar 24 hours. — For the rest equal to fig. 6, except that newly harvested tubers 


of the variety Bintje were used. 


53 
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Figure 9. Effect of UV-irradiation on the exudation of nitrogenous substances from the 
pith and the peel of potato tubers. 

Upper dishes: discs from the pith kept on agar 42 hours. — Lower dishes: discs from the 
peel kept on agar 42 hours. — All discs UV-irradiated 7 min. Agar medium devoid of 
nitrogen, mixed with a suspension of Fusarium culmorum. Photographed 3 days after the 
removal of the discs. 


as conspicuous as in the figures above (Figure 8). The reason for this may 
be that the experiments with Bintje were made in September with newly 
harvested tubers and, as was mentioned in the beginning of this report, new 
tubers have proved to be able to »stand» irradiation with UV-light better than 
stored tubers in the spring. 

The experiments shown in figures 4 and 5 were tested with the auxano- 
graphic method. It appeared that UV-irradiation brought about a greater 
exudation of nitrogenous substances in discs from the pith than in discs from 
the peel (Figure 9). A greater exudation from discs, treated with buffer 
solution, was also shown than from those, which were treated with ascorbic 
acid (Figure 10). The discs in figure 10 were taken from the pith of the 
tuber and the same solutions were used as those described in the experiment 
shown in figure 5. 


An auxanographic test was also made with Phytophthora-infected tissue. 
Discs were taken from healthy and Phytophthora-infected tissue. For this 
a tuber which was healthy at one end and infected at the other was used. 
The discs were placed on an agar medium devoid of nitrogen and removed 
after 21 hours. Exudation of nitrogenous substances was greater from the 
infected than from the healthy discs. The different exudation from infected 
discs in the same dish can be explained by the fact that the discs were not 
uniformly attacked by the fungus (Figure 11). The tuber was »naturally» 
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Figure 10. Effect of UV-irradiation onlthe exudation of nitrogenous substances from potato 
tissue, treated with ascorbic acid. 
Upper dishes: discs soaked in ascorbic acid 2 hours, irradiated 7 min. and kept on agar 


42 hours. — Lower dishes: discs soaked in buffer solution 2 hours, irradiated 7 min. 
and kept on agar 42 hours. — Agar medium devoid of nitrogen, mixed with a suspension 


of Fusarium culmorum. Photographed 3 days after the removal of the discs. 


infected, and although no other mycelium than Phytophthora and no bac- 
teria could be detected in the microscope, it is not to be said that other infec- 
tions in small doses could not have been present. 

In order to examine if Fusarium itself could bring about an increase of 
the exudation from potato tissue, discs treated in the following way were 
used: 1) untreated 2) unirradiated but inoculated with Fusarium culmorum 
3) UV-irradiated 90 sec. but not inoculated 4) UV-irradiated 90 sec. and in- 


a 


oculated. These discs were kept in the air at 20° C for two days and then 


Figure 11. Exudation of nitrogenous substan- 
ces from healthy and Phytophthora-infected 
potato tissue. 

Upper dishes: discs of healthy potato tissue 
(pith) kept on agar 21 hours. — Lower dishes: 
discs of Phytophthora-infected potato tissue 
kept on agar 21 hours. — Agar medium devoid 
of nitrogen, mixed with a suspension of Fu- 
sarium culmorum. — Photographed 2 days 
after the removal of the discs. 
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Figure 12. Effect cf Fusarium culmorum on the recovering process of potato tissue after 
UV-irradiation. 


Upper dishes: discs irradiated 90 sec., kept in the air 2 days and then on agar 24 hours. 
-— Lower dishes: discs irradiated 90 sec., inoculated with Fusarium culmorum, kept in the 
air 2 days and then on agar 24 hours. — Agar medium (mixed with F. culmorum) complete 
but diluted 200 times. Photographed 3 days after the removal of the discs. 


placed on agar plates as in the experiments described above. The agar con- 
tained glucose, (NH,),S0,, K;PO, and MgSO, in the same proportions as 
above, but it was diluted 200 times, so that very little mycelium could be 
developed on this medium alone. After 24 hours the discs were removed 
from the agar. No appreciable exudation could be observed in the three 
first cases but the fourth case gave an exudation which was detectable. 
Figure 12 shows the difference between 3) and 4). 

The variety King Edward VII was used in the experiments shown in 
figures 1—8 and 12, Bintje in figures 9—11. 


Discussion 


The effect of high-energy radiation on organic matter has been studied 
from many points of view. It is considered to depend, to a large extent, 
on the formation of H and OH radicals from water. These radicals form, 
in the presence of oxygen, hydrogen peroxide, which combined with 
-organic substances forms organic peroxides. These latter have a greater 
durability than hydrogen peroxide and can bring about oxidation of 
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various substances in the cell. In this way sulfhydryl groups are oxidized 
to disulphides and consequently many important enzymes are inactivated. 
A short review of investigations in this field is published in Ann. Rev. of 
Biochemistry, Vol. XX, 469—470. 

An oxidation which is independant of oxygen during the irradiation and 
comes about if oxygen is supplied afterwards, may also be possible. Wagner, 
Webber and Siu have reported such an effect with ultra-violet irradiation 
of cotton cellulose (5). 

It may also be thought that irradiation can bring about a denaturation of 
the plasma protein, without any oxidation involved. 

If the effect of ultra-violet irradiation reported in this paper should be an 
oxidation of the first mentioned type it ought to be possible to prevent it by 
irradiation in oxygen-free atmosphere. To that end potato discs were 
irradiated in a quartz vessel filled with nitrogen gas. These discs, however, 
lost their resistance to the same extent as the discs, which were irradiated 
in the same vessel in the presence of air. This result suggests that the effect 
is independent of oxygen, although it may also be explained by the difficulty 
to remove all oxygen from the tissue. 

The experiments shown in figures 4 and 5 seem to speak in favour of an 
oxidation process. Ascorbic acid is a strong reducing substance, and it is 
known to occur in higher concentration in the peel than in the pith. Even- 
tually produced peroxides or other oxidizing agents may be reduced by the 
ascorbic acid and thus prevented from oxidizing other cell constituents. 
Another interpretation may be that substances which have been oxidized by 
the irradiation may be reduced by the ascorbic acid and brought back into 
an active state. The equilibrium between sulfhydryl groups and disulphides 
is known to be linked with the equilibrium between ascorbic acid and 
dehydroascorbic acid. It is probable that many other oxidation equilibria 
exist, which are linked in a similar way. 

The fact that new tubers require stronger irradiation than old tubers to 
decrease the resistance to fungal attack can also be interpreted on the basis 
of ascorbic acid concentration. A determination of this concentration was 
made in tubers which had been stored one year at 6° C and in tubers which 
were newly harvested. Bintje was used in both cases. Five healthy tubers 
were chosen at random from each collection and slices were taken from the 
pith, weighed, ground in 5 per cent trichloroacetic acid, centrifuged and 
titrated with dichlorophenolindophenol. Reliable absolute values cannot be 
obtained with this method, but the relative values, shown in table 1, may be 
of interest. 

The following explanation of the effect of ultra-violet radiation on potato 
tissue may be proposed: oxidation of a vital substance in the cell is brought 
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Table 1. Concentration of ascorbic acid in newly harvested and in stored potato tubers. 


ee 


| | Ascorbic acid, mg/100 g potato | Mean value 
NP ee eee IT In nn nn 
| 

| Oldztuberseree ren 1 O87 dle ae ler 1129 
MNeWATUDErSE ee 27.8 32.0 29.0 26.6 26.0 28.2 | 


about, either by oxidizing agents formed by the irradiation, or by a direct 
photo-oxidative process. In the peel there is, however, enough ascorbic acid 
present to bring the so oxidized substance back into the active state again 
(provided that the irradiation has not been too strong). The same is the case 
with pith which has been impregnated with ascorbic acid. If, however, the 
concentration of ascorbic acid is small, as is the case with untreated pith, 
no reactivation can occur. The vital substance is in its reduced state respons- 
ible for the maintenance of a normal permeability of the plasma membranes. 
When the cell substance is oxidized, the permeability will be increased and 
organic matter will diffuse out of the cells, offering a suitable substrate 
for Fusarium. 

It may also be possible that easily diffusible substances are not present in 
untreated tissue in such quantities that they can serve as nutrition for Fusa- 
rium. During the irradiation, however, such substances may be formed 
through the degradation of larger molecules (e.g. protein). 

The cause of the increased exudation from Phytophthora-infected tissue 
has not been studied. 

Figure 12 shows that an irradiation of the employed magnitude is insuf- 
ficient to bring about an increased exudation. If inoculation with Fusarium 
is made just after the irradiation, an increase of the exudation can be 
detected after two days. The irradiation has evidently been strong enough 
to give the fungus a »foothold» in the tissue, so that it has been able to 
prevent the recovering process. If this effect is caused by means of oxidizing 
enzymes or otherwise has not been examined. 


Summary 


1. Ultra-violet light has been shown to cause a reduced resistance of potato 
tissue to Fusarium species. 


Tissue from the layers just under the cork have a greater ability to 
endure irradiation than tissue from the pith. 

3. Tissue from the pith, which has been treated with ascorbic acid, can 
endure irradiation better than the same tissue, which has been treated 
with buffer solution of the same pH as the ascorbic acid solution. 


ro 
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By means of an auxanographic method it has been shown that ultra- 
violet light brings about an increased exudation of certain substances 
from potato tissue, and that this increase is smaller in tissue from the peel 
than from the pith. This increase is also smaller in tissue, which has been 
treated with ascorbic acid than in tissue, which has been treated with 
buffer solution of the same pH. 

The exudation from Phytophthora-infected tissue is greater than that 
from healthy tissue. 

The recovering process after irradiation is counteracted by Fusarium. 
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Statement of the Problem 


A large number of field experiments has been carried out in an attempt 
to determine the value of common salt for improving the yield of the sugar 
beet and other economic plants. The latest and probably the most elucidating 
field experiments in Europe are described by Buchner (3), Crowther (7) and 
Wiede (27). The results of these experiments indicate that common salt may 
effect an increase in the yield of both tops and roots, and also of the sugar 
content. However, these experiments show that generalizations can be drawn 
from the results only with the greatest caution; the effects of common salt 
on sugar beet growth and yield varied greatly with such factors as soil and 
weather conditions, pH, state of phosphates. 

In pot culture in greenhouses, where the growth conditions can be con- 
trolled to an extent impossible in the field, the responses of beet plants to 
common salt do not tally with responses to the same treatment in the field. 
Hence Buchner (3) in water cultures finds an increase of 35 per cent in top 
yield and 78 per cent in root yield, while in the case of sand cultures it was 
possible to reach increases of 200 to 400 per cent. The magnitude of the 
response seems to diverge from that obtained from field experiments. In an 
extensive field experiment Harmer and Benne (13) have shown, however, 
that sodium chloride highly enhanced the yield of both sugar beets and 
turnips in experiments on the same soil. 

The field experiments cannot give explanation of the responses to applica- 
tions of sodium chloride and the evidence of its function in plant processes 
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is rather obscure. The purpose of the present investigation is, therefore, to 
make a physiological study of the influence of the common salt on growth 
development, chemical composition of the leaves, and transpiration. 


Materials and Methods 


Experimental equipment. The greenhouse experiments were carried out as sand 
cultures in Mitscherlich containers, in winter with artificial illumination. The light 
period was 16 to 18 hours a day. The light sources consisted partly of 500 W mer- 
cury vapour lamps, partly of 100 W. fluorescent tubes. During the summer the 
temperature was at times fairly high, about 25 to 35° C. All experiments were run 
in six replicates. One of them was used for determinations of transpiration, and 
the pots were therefore transferred at times to a photothermostat in which tempera- 
ture and light could be controlled. These pots have not been counted in the yield 
result but are included in the analvses. Hilleshög whole seed was used in experi- 
ments 1 to 3, and Hillesh6g segmented seed for experiments 4 to 6. After thinning 
each pot usually contained 17 plants. In some experiments with high concentrations 
of common salt, however, several plants died during their development. Yield values 
are in g. per pot and each is the mean of five replicates; a correction for plant 
number was not made. The deviation from the mean value of 5 pots is 5 to 15 per 
cent, but there is often a considerable variation in the values from the individual 
pots. The experiment lasted 75 to 85 days after the plants had germinated. 

Water capacity. A purified sand from the Fyle Valley was used in the experi- 
ments. The effluent had a chloride content of less than 0.1 mMol Cl per litre and a 
conductivity of x=3 X 1075. 

Each pot contained 6 kg. sand which had a volume of 4500 ml. The maximum 
amount of water that could be added without draining off was 1980+45 ml. This 
quantity was assumed to constitute the water capacity and was put equal to 1.0. The 
water content was then varied between 13 and 88 per cent of the capacity. In order 
to maintain a constant water level the weight of the pots was usually controlled 
every fourth day, but more often during the summer. The plant weight was here 
disregarded. 

Basic nutrients. Each pot contained the following basic nutrients: 1.5 g. magne- 
sium sulphate (MgSO, : 7 H,O), 1.3 g. potassium ortho-phosphate (monohydrogen), 
0.2 g. potassium ortho-phosphate (dihydrogen), 1.5 g. calcium nitrate Ca(NO,), ° 
4 H,O and the following micro-nutrients: ferric citrate 0.010 g., manganese sulphate 
0.001 g., copper sulphate 0.0001 g., borax 0.001 g. and traces of zinc and molyb- 
denum. 

Addition of common salt. A stock solution was used for the addition of sodium 
chloride, and in tables and figures the added amount of NaCl is given in g. per pot, 
in analogy with the amounts of basic nutrients. 

At the start of each experiment a weighed quantity of 6.kg. of sand was placed 
into each vessel and before application the solutions of nutrients and common salt 
were diluted with distilled water to give the desired moisture content in the pots. 
The seeds were sown directly in the sand. 

Analyses of plants. Only the leaves were analysed. They were dried at 105 Ce 
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ground in a Wiley semi-micro grinder, and were analysed for nitrogen, potassium, 
sodium, calcium, silicon, and chlorine. 

The nitrogen content was determined according to the Kjeldahl method. Potas- 
sium, sodium, and calcium were determined by means of a Beckman flame spectro- 
photometer. The silicon content was determined gravimetrically after leaching the 
ash with HCl; chlorine was titrated according to a method reported by Kolthoff- 
Sandell (16) with a standard solution of mercury nitrate, and with sodium nitro- 
prusside as the indicator. The results obtained by this method showed good agree- 
ment with those obtained by Vollhard’s titration method. The latter method was 
not used because some of the test solutions were red coloured, and the end-points 
in the titration consequently obscured. 


Experimental 


The experiments can be divided into two types according to the time when 
the common salt was added. In the first type the application was made before 
the plants were sown, and in the other type two-month-old plants were 
treated with solutions of common salt. Further an experiment was performed 
to show the importance of the soil moisture content on growth. 


NaCl application before the plants were sown 
(Salt tolerance) 


Experiment 1. — This experiment was performed to study the salt tolerance 
of sugar beets and to ascertain the influence of NaCl on their chemical com- 
position. 


Treatment and pertinent characteristics of development: 
Basic nutrients + 


NaCl g. 0.20.57 1.0 771.5 752.07752. 572530 
Per cent NaCl in nutrient solution 0 0.05 0.10 0.15 0.20 0.25 0.30 
Seeds sown directly in the sand July 10 

Germination (Cotyledon stage) » 16 41 


3 1 0 0 0 0 

» » » » 20 4 4 3 2 1 0 0 

» » » » 24 4 4 4 4 2 2 0 

» » » » 28 4 4 4 + 3 2 1 
Number of plants » 28 102 100 100 100 97 47 23 
» » >» Sept. 18 102 100 100 93 78 ie 4 


1 0, 1, 2, 3, and 4 refers to 25, 50, 75, 100, 125 plants per 6 pots. 


During the experiment the degree of water saturation was kept constant at 
approximately 0.5 corresponding to a moisture content of 11.1 per cent. The dura- 
tion of the experiment was 70 days. Table 1 summarize the results of harvest and 
table 5, (nos. 1 to 5) the chemical composition of the leaves. 
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Table 1. Effect of NaCl additions to soil on the yield of sugar beets in the greenhouse. 
an un ann nn uam ce 


Treatment: Fresh weight Dry matter 
Analysis basic nutrients ratio 
no. ‘tops per roots per top tops per roots per) tops roots 
NaCl per pot | pot g. | pot g. a pot g. | pot g. |per cent|per cent 
8 root 
| 
Experiment 1 
1 0 24.14 16.07 1.50 3.85 3.46 15.9 21.6 
2 0.5 27.70 17.67 1.57 4.37 4.02 15.8 22.8 
3 1.0 32,69 15.35 2.13 4.96 3.56 15.2 23.2 
4 1.5 26.25 7.62 3.45 3.57 1.76 13.6 23.1 
5 2.0 18.80 2.25 8.35 2.11 0.50 102 22.2 
== 2.5 1) 1) — — = — == 
Experiment 2 
6 0 29.26 | 14.91 | 1.96 4.70 3.48 16.1 23.3 
a 0.10 | 31.41 | 15.20 2.07 4.90 3.60 15.6 23.7 
8 0.25 33.50 ı 14.79 | 2.27 4.89 3.54 14.6 24.0 
9 0.75 35.51 11.13 3.28 5.21 2.70 14.3 23.9 


1) All plants were very poorly developed and therefore not taken into account. 


A marked reduction in germinability of seeds is observed with increased 
NaCI concentration. The inhibition may depend on a restriction in the water 
uptake of the seed. The responses of the beet seedlings to common salt were 
reflected in tops as well as in the roots. The effect of a high salt concentra- 
tion will cause the death of the main root, but at the same time a develop- 
ment of adventitious roots takes place. It is an interesting phenomenon that 
there is evidently a critical lower concentration at 0.20 to 0.25 per cent; it 
is distinguished by the fact that within this range the main root grows so 
rapidly that the adventitious roots have no time to develop before the main 
root is completely dead. At sodium chloride concentrations of 0.30 per cent 
only adventitious roots are formed, but the growth of the seedling is very 
slow. 

It is concluded that the effect of the high salt concentration on growth 
takes place largely as a result of the decreased availability of water. The 
growth-promoting effect at low concentrations will be discussed later. 

The toxic effect of common salt may possibly be ascribed to a low salt 
content of the seedlings. The results obtained are in agreement with the 
investigations of Wadleigh et al. (24) on saline soils. An application of salt 
in concentrations up to 0.4 per cent resulted in growth inhibition of Pas- 
palum. The work of Margolina (21) supports the view of a low salt concentra- 
tion in the seedlings. She has been able to increase the salt tolerance con- 
siderably through a preliminary treatment of the beet seed with 4 per cent 
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NaCl solution for one hour. This is an interesting result, as it may be possible 
by such a method to increase the NaCl interval where the salt may have 
a growth-promoting effect on the sugar beet. 


Response of the sugar beet to a low concentration of NaCl 


Experiment 2. — A second experiment was conducted to determine how the plants 
responded to low concentrations of common salt. Basie nutrients + 0, 0.10, 0.25, 
0.75 g. NaCl per pot corresponding to 0, 0.05, 0.12, 0.38 per cent NaCl in nutrient 
solution. The seedlings emerged in the control a day or so before those in the pots 
treated with sodium chloride. On August 17 the beets were thinned so that each pot 
had 30 plants. The plants were harvested on October 14, and the results are given in 
table 1. 


This experiment confirmed the results obtained in the first experiment 
and shows that responses of the sugar beet to common salt are obtained 
even with very low concentrations. 

Because of the fact that the application of even a single fertilizer salt may 
have many direct and indirect effects on the plants, it is not easy to predict 
ihe present growth-promoting effect, however, in the discussion relating to 
the influence of various factors on the growth that follows, it is recognized 
that sodium may have a more direct and chloride ions an indirect effect on 
the sugar beets. The changes in chemical composition is well illustrated in 
table 5 (nos. 5—9). 


The inter-relationship of salt concentration and soil 
moisture content with growth 


The first two experiments give the responses of the sugar beet to common 
salt with a constant soil moisture content. It is possible, however, that dif- 
ferences in soil moisture may either decrease or intensify the salt effect. 
Nevertheless, it was deemed advisable to study first the effect of soil moisture 
content without common salt. 


The influence of soil moisture content on growth 


Experiment 3. — The basic nutrients were diluted to give three different 
degrees of saturation. As the sand was very fine, experiments were also 
made with a coarsely ground quartz and mixtures of sand and quartz. The 


four series were performed according to the following scheme, where also 
the results of yields are given. 
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| Pour 250 ml. solution per pot 590 ml. solution per pot 11000 ml. solution per pot 
| No.) +sand | Fresh weight lop Fresh weight Top | Fresh weight Top | 
| | kg ———— = —— - ee 
| | >> = Le mor | 
| Tops g. | Roots g.| root | Tops g. Roots g.| root Tops g. | Roots g.| root | 
4 6+0 1 — — = — == = _ 

| 2 2 +4 24.75 1.15 3.19 34.90 10.7 3.26 59.90 18.2 3.06 

| 3 | 1 +5 29.6 7.30 4.06 34.02 11.3 3.26 98.30 15 3.33 
Pee NUE 31.80 1.25 | 4.40 45.60 10.0 3.56 AN TE 3.08 


1 all plants died. 


The duration of the experiment was 85 days. 

It will be seen that it was impossible to grow beets in the coarsely ground 
quartz; its water-holding capacity was too small. Immixture of sand results 
in a sharp decrease of porosity, in this respect the varying immixture ratios 
probably make no difference. On the other hand, there is a marked increase 
of yield if the amounts of added solution are increased. This depends on the 
fact that the water is a limiting factor for the development of the leaves. 
Usually, it might be expected that the ratio top : root would increase with the 
water content. The reason why the ratio is comparatively constant here must 
be ascribed to the special secondary thickening growth of the beet. 


The differences in yield obtained here cannot be explained on the basis 
of root distribution. The plants had an extremely well developed root system. 
According to Ayers et al. (1) plants growing in moderately or partly dry soil 
will be under some water stress and according to Loomis (20), should have 
their growth retarded during direct sunlight. Similar plants growing in moist 
soil should have less of an initial moisture stress and a shorter periods of 
reduced growth. In the series in which the moisture content of the sand was 
lower and medium (high moisture to medium tension conditions), it may be 
that the concentration of the nutrients was sufficient to be inhibitive to the 
growth of plants. As pointed out by Ayers et al. (1) more attention should 
be given to the osmotic relationship of soil solution in non-saline as well as 
in saline soils. The problem may be of interest when large fertilizer applica- 
tions are made to heavy soils. 


The inter-relationship of NaCl concentration and soil 
moisture content 


Experiment 4. — In this experiment there were four series with a wide range 
of moisture contents as well as of sodium chloride applications. The degrees of 
saturation were 0.13, 0.38, 0.63 and 0.88, corresponding to moisture contents of the 
sand of 5.6, 16.7, 27.8 and 38.9 per cent. The experiment was started on November 2, 
1950 and harvested on January 24, 1951 after 83 days. 
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Table 2. Effect of NaCl additions and soil moisture content on the yield of sugar beets. — 
Experiment 4. 


es TE | 


| | Fresh weight Dry matter 
NACRE ne an 
Analysis | Degree of NaCl per| external | tops | roots | peace | tops | roots | tops | roots | 
no. saturation) pot g | solution |per pot per pot EB per pot per pot) per per | 
| per cent (eae! es: | Bae 0 ee. cent | cent 
| | | | 
10 0 0 28.9 Se 17 NPA 12.8) 26.5 
it | 0.5 0.20 ala 9192 3.74| 4.55| 3.41 12.3 34.4 
12 | 0.13! 10) 0.40 31.1 4.49 | 6.94 3.10.| 1.62 ile) 36.1 
13 1.5 0.60 11.72) 0.90 | 13.00 1.30 | 0.25 all 27.8 | 
14 0 0 47.8 | 14.10 3.39 63.103.069 132002081 
15 0.5 0.07 60.2 | 24.16 2.50 a Geils 15.9 29.7 
16 1.0 0.13 64.7 | 19.50 3.32| 7.95 | 4.90 12800258 
Na pees 1.5 0.20 | 41.2 6.93 3.95 4.56 | 1.64 HAS 2971 
18 2.0 0.27 20.3 2.51 810) 2.10| 0,54 10-421 22177 
19 2.5 0.33 8.0 1.48| 5.42 | 0.78 | 0.32 9.8 | 21.6 
20 0 0 57.8 | 19.17 3.02) 8.15 | 4.58 1421 | DEKE 
21 | 0.5 0.04 73.0 | 22.06 3.31 | 1022 | o.74 14.0 26.0 | 
22 (0.63 1.0 0.08 78.9 | 18.32 4.30 | 10.80 | 5.28 13.6 | 28.6 
23 | do 0.12 39.4 GOON 252902 NET 13.320299 
24 2.0 0.16 1729 4.10) 4.37 2.08 1.21 11.6210. 29:5 
25 0 0 | 47.6 | 12.81 3312. 0.6.1190 3217 15 0218 
26 | 0.5 0.03 GIE OS 3.04! 8.50 | 5.75 NS) | Pers 
a 0.88 1.0 0.06 55.7 | 18.02 3.10 7.45 | 4.27 19400257 
28 | 1.5 0.09 29.0 5.90 4.92 3.66 | 1.46 12:02] 
29 2.0 0.12 | 18.6 3.97 520121910796 1 0026-98 


1 The maximal water-holding capacity is set equal to 1.0. 


By and large, the development was the same as described in the previous 
experiments 1 and 2. It will be seen from table 2 that the common salt as 
well as the moisture content may influence the growth. With lower moisture 
contents there is a relatively high osmotic concentration and in the pots 
containing NaCl there will be a further increase. As mentioned in the pre- 
ceding experiments the decrease in growth with a low moisture content may 
be due to water stresses affecting the total time of actual growth. With a 
high moisture content the decreased supply of oxygen is probably the growth- 
inhibitory factor, not the water. It will be seen from figure 1 that the com- 
mon salt has a promoting effect on the growth of the plants, independent of 
the soil moisture content. The extremely low degree of saturation 0.13 con- 
stitutes an exception, and the reason is that germination is here retarded by 
evaporation to dryness on the soil surface. Although a graded series of 
moisture contents is given, this moisture could hardly have been uniformly 


distributed and it is probabie that those pots with low moisture content had 
a lower water table. 
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moisture content of 5.6, 11.1, 27.8 and 38.9 per cent. 


Application of NaCl to two-month-old plants 


From the preceding experiments it is evident that common salt in high 
concentrations may result in poor germination or weak seedlings, however, 
the experiments also indicate that the common salt has a growth-promoting 
effect on the plants. In order to obtain a further understanding of the latter 
it was advisable to study the effects of an application of NaCl to two-month- 
old plants. 


Application of NaCl to two-month-old plants 


Experiment 5. — All pots were supplied with the same basic nutrients as in the 
earlier experiments. When the plants were two months old each pot was watered 
with 200 ml. of solution containing 0 to 1.5 g. NaCl, the highest concentration was 
consequently 0.75 per cent NaCl. No damage to the plants could be observed after 
the watering, which was done in the evening. The plants were harvested 14 days 
later and yields are given in table 3. 
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Table 3. Effect of one application of NaCl to two-month-old plants on the yield of sugar 
beets. — Experiment 5. Sowing on February 11: 17 plants per pot. Application of NaCl 
on april 15. Harvest on April 29. 


a ———— eee 
| | Fresh weight i a. Dry matter e 
el Ara t | ı ratio | | 
ce | de ae ke |tops per roots per top |tops per roots per tops roots 
| 2 i pot g. Dose ne 2 Ze RTC RS pot g. |per cent per cent 
| | | root | 
| | | | 
39 | 0 37-43, tees | OO NOTE 9.28 19.0 22.5 
40 0.5 44.26 | 40.66 | 1.08 8.08 | 9.65 183 | 23.1 
41 | 1.0 | 47.62 | 40.70 | 1.17 8.83 | 9.74 18.000 002859 
42 1.5 | 48.75 | 41.50 1.18 SOI 07 18.0 | 24.3 


The development of the plants before application of sodium chloride was 
rather poor, and symptoms of sodium deficiency were observed, these symp- 
toms will be described in a following paper. The presence of NaCl produced 
greater vigor and increases in yield of the plants. The dry matter of the top 
decreases, while that of the root increases; there is also an increase of the 
ratio top : root. The results obtained here were confirmed in the following 
experiment. 


Experiment 6. — The cultivation of the two-month-old plants was the same as 
described above. The common salt was added, however, through watering twice 
with sodium chloride solutions. The experimental schedule was roughly as follows: 
In each pot were added 200 ml. of solution containing 0 to 3 g. NaCl when the plants 
were two months old (highest concentration 1.5 per cent NaCl). After 7 days the 
watering was repeated, using the same amounts of solution; after another 7 days 
the plants were harvested. The results are given in table 4 and figure 2 B; they show 
a continuously increasing weight of tops with increasing addition of NaCl, the root 
weight, however, shows an optimum at about 1.0 g. NaCl per pot. Data from the 
analyses are shown in table 7, and partly in figure 2 B. The present two experiments 
show that a considerable stimulation of growth is obtained by application of NaCl 
to two-month-old plants. In order to determine the magnitude of the growth 
response it is necessary to know the weights of the plants before the watering was 
performed. There was, however, no determination of the weights; but on the basis 
of certain other experiments it is possible to compute approximately the maximum 
growth promotion. It amounts to about 100 per cent in experiment 5, and in the 
case of two applications in experiment 6 to about 200 per cent. Further it is obvious 
that the two-month-old plants have attained a considerably higher tolerance towards 
sodium chloride than the seedlings. 


This change in salt tolerance has also been observed by Ayers, Brown and 
Wadleigh (1) in experimenting with barley and wheat. These plants are 
sensitive only to high concentrations of common salt at the seedling stage, 
but later they will tolerate higher concentrations of salt. The growth-pro- 
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Table 4. Effect of two applications of NaCl to two-month-old plants, with an interval of 
7 days, on the yield of sugar beets. — Sowing on April 24; 17 plants per pot. Ist application 
on June 25, 2nd application on July 9. Harvest on July 23. 


| Fresh weight | Dry matter 

| Analysis | NaCl per pot | | | ratio 

no. g. |tops per roots per) top tops per roots per| tops roots 

| | pot g. pot g. | Pa | pot g. pot g. |per cent|per cent 

| | | | root 

| | | | 

| 43 2X 0 23.70 | 18.11 1.31 4.16 4.04 175 0000225 
44 2 X 0.25 28.76 21.31 1.35 4.86 | 4.86 | 16.8 22.8 
45 2 X 0.50 31.30 23.26 1.35 5.11 | 553.1 163 1938 
46 2 X 0.75 32.08 | 22.06 1.46 5.22 Sold | 716377 232 
47 2x 1.00 33.16 | 21.39 1.55 5.29 4.74 16.0 | 22.2 
48 2 X 1.25 33.94 | 22.24 1.53 5.29 5.29 15.6 > 23:8 

| 49 2 X 1.50 33.90 20.78 1.63 5.24 491 071542 7236 

| 50 2% 1273 35-17 20.10 1.75 5.40 | 4.90 15.3 | 24.4 

| 51 2 X 2.00 36.58 | 19.00 1.93 9.55 | 468 | 15.2 | 24.7 
52 2 X 2.50 37.34 | 18.89 1.98 DTA CO TES 24.8 
53 2 X 3.00 39.54 | 18.00 2.19 6.08 | 4.49 15.4 | 25.0 


moting effect observed in these experiments will be discussed in relation to 
the chemical composition of the plants. 

The present experiments prove that common salt has two effects on sugar 
beets: 1) a damaging effect on the main root of the beets, although, adven- 
titious roots may develop, and 2) a considerable promoting effect on the 
growth. 


The influence of common salt on the chemical composition 
of the plants 


Very few data exist on the sugar beet’s requirements of mineral nutrients 
and their chemical composition; the influence of common salt in this con- 
nection is still more obscure. The field experiments by Harmer and Benne (13) 
constitute an exception: besides growth data they also provide analyses of 
top and root. 


Results 


Only the tops are analysed in the experiments described here. The amount 
of ions are given in mmol, partly per g. dry matter, and partly per 100 g. 
H,O. The quantity of common salt added is given in g. per pot. Further, 
the total amount of sodium in the nutrient solution is stated, determined by 
analysis, when the other nutrient salts contained traces of sodium. The results 
of analyses of the ash from leaves in the experiments 1, 2, 4 and 6 are given 
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Table 5. Influence of NaCl added before sowing on the chemical composition of sugar 


beet tops. — Experiments 1 and 2. 

Reel nena nn COM an. 
no; 8. | | Na K Ca | Si Cl N INa+K| before after 
Experiment 1 
a en Im 
2 | on {| & 2e) as] Same) ao oo Au] So aoe | bay 
ee en m 
à las a sre lass | 082 | 210/095 | 212 | an |} 277 | 208 
s [ose] asp] selzelanlanlı oe | ox | 

Experiment 2 | 
ca eager u 
1 ons 2 les | ua) 008 Lit ton | sa 
s Lou 3 | EE ana | tae Laos | ov | aes | ace |p G7 rt 
De aus rate head foie peers | 


in tables 5 to 7. Figure 2 A and B give examples of ash composition, growth, 
and transpiration at different additions of common salt. Regardless of whether 
common salt is added to the basic nutrients before the planting or to the 
two-month-old plants, the mineral composition in the tops will be consider- 
ably changed. If the two graphs are compared it will be seen that the com- 
position of ash is identical in the two types of experiments with low con- 
centration of common salt, however, figure 2 A indicates that there is a 
decrease of cations at higher concentrations when salt is added before the 
sowing. This phenomenon probably depends on the fact (mentioned earlier) 
that there is a considerable decrease in the development of the main root. 
and that the adventitious roots have an ion uptake different from the main 
root. 


Cationic inter-relationship. — No conclusions can be drawn about the rela- 
tion between growth and, for instance, single cations, or between growth and 
certain cationic ratios, as the growth depends on various factors which are 
impossible to isolate. As pointed out by Shive (22), the correlation between 
what is called ionic balance and growth constitutes a scientific ideal which, 
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Table 6. Influence of NaCl and soil moisture content on the chemical composition of sugar 


beet leaves. — Experiment 4. 
were | NaCl | a — mmol. per g. dry matter Na external solution 
lysis |per pot) u b= mmol. per 100 g. H,O 4 _ mmol. per 100 ml: 
aad g. | Na | K | Ca | Si Cl N [Na+K| before | after 
le ese] ne a] Sates) ae | on 
ee ea aa on 
D hole 
18 | 154] 5 | 356 | 120 | 100 | 186 | oss | asa fans |p 10 | 930 
| | | 
1 | 0 {5 Sms ler ass lou |a6s sis) 0% | oo 
5 | osf] 8 |) 145 | ou 
ju aol S| aoa] le |} 258 | ox 
ee ee a 2 
a a ee 
= ale Da AS Ar A RE 
M ee ren eeyaiee aera asie) 60 
a Jos | ur) en ea) eue) ii) om | om 
A dd nen re Pre 28s inode’ 
ze 1.5 | | Re oe a a a = 182 
| 
ol | cay ns for el ame] var 


so far, has not been attained. The ionic concentration in the leaves depends 
on the active accumulation in root and leaves, and on the transpiration and 
transport to the root. As sodium chloride causes considerable changes both 
in the top : root ratio and in transpiration it is impossible to predict the 
changes in the accumulation of different ions, they may take any possible 
direction. 

Sodium. — It is seen from tables 5 and 6 that there is a considerable 
increase in the sodium content in the tops when the ion is present in the 
nutrient solution. It appears that there occurs an accumulation of sodium 
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Table 7. Influence of NaCl applied twice to two-month-old plants on the chemical com- 
position of sugar beet leaves. — Experiment 6. 


nn m nn 


a — mmol. per g. dry matter 
Analysis | NaCl per b= mmol. per 100 g. HO 
> FE Na RK. UN Gas Su ge N |Na+K 
| a 015 | 1.38 | 0.095 | 1.27 | 0.004 | 117 | 1.53 
le | b 318 | 292 | 202 | 268 | 0.08 | 248 | 32.4 
| e a 0.75 | 1.20 | 0.083 | 0.76 | 0.016 | 1.38 | 1.95 
warte. | bp) | 45.2 348 lisa) ll 157 030 na, 58 
| | | 
| a 1.10 | 1.14 \ 0.080 | 0138 || 0.0264" 1245] 224 
a US { pe | Bis 18531 Uni so 7.41 | 0:51. | 242 | 43.6 
| Ain 1.75 | 1.09 | 0.074 | 0.28 | 0.036 | 1.24 | 2.84 
> { DT NN ere ne 5.36 | 0.70 | 242 | 55.3 
AS a 2.30 | 1.07 | 0.080 | 0.20 | 0.050 | 1.23 | 3.37 
La 207 À ow) | 487 0202 02 0 Salon esd: Den 
| Me lee 2.40 | 1.07 | 0.069 | 0.14 | 0.062 | 1.31 | 3.47 
NES eee { be 1 444) 1198 Nas | 266, lis 2 eee 
er a 2.20 | 1.06 | 0.070 | 0.21 | 0.040 | 119 | 3.26 
À #0 { b | 400 [os | 127 | 378 | 073 Mai, 298 
à + a 210 | 1.12 | 0.050 | 025 | 0.024 | 1.21 | 3.22 
3 5 b | 380 | 203 | 0.91 4.56 | 0.43 | 219 | 58.9 
| 
= AR a 210 | 1.00 | 0.070 | 016 | 0.028 eines 
. B | 37:6 17.0 1.2501 294 | 050 Weiz, 555 
= a a 1.95 | 1.04 | 0.070 | 0.15 | 0.042 | 1.19 | 2.99 
5 > i aD 35.3 18.8 1.97 2.73 | 0.76 21.5 | 541 
ibn a 91.80.10 4,040) 0.0610.) 0.17 0016 |) 1.17.) 284 
$ b | 328 | 189 | 1.41 02) | 0.84 Meta MINE 


independent of the external concentration until a certain level of sodium in 
the plants has been attained. The data in the tables show that at low con- 
centrations of sodium all the ions in the external solution will be accumulated 
in the tops. With a higher external concentration the level of sodium in the 
top may be rather unchanged. This agrees with the fact that Harmer and 
Benne (13) never obtained more than 2.2 per cent Na,O in the dry matter 
of leaves in spite of very large additions of common salt. Collander (6) has 
shown that different species accumulate different quantities of sodium, and 
that there is also a specific ratio between the amounts accumulated in tops 
and roots. It is therefore probably impossible to make any definite assertion 
about the upper limit for the sodium content. 

Some evidence suggests that potassium can be substituted in part for 
sodium in plants. Still other evidence shows that at least for the sugar beet 
and the turnip, sodium exerts its own function in plant processes. The 
present analyses indicate that there is no arbitrary replacement of potassium 
by sodium, since uptake of sodium alone is higher than the combined uptake 


RESPONSE OF THE SUGAR BEET TO COMMON SALT 823 


— 
5 3 i) 
Pe E 
Pe : 
LL 
LE = ? 250 = 
52 as ay 
az E£ 40k o 
— uw <n n \ zs 
WwW œ à Es © 
Sie ca = Sa 
> ag SS ES 
ud “OS a 30 <o 
on = SE (gis 
<5 o W ia oS 
xe fon a © ag 
wo Ss Siw na 
SE ES FS 20 Ze 
<3 a He £S 
(3 Oz jac 
nm 
2 M0 6 
Fah ee 3 
= = 
WY £ 
& 2 
=, rs 
ao 
ee? D Le) Le 
3 z Fs 
DEE = on 
= D 5 & _ 
ug 5 2 & 
SE 2 nO = 
Lx = Zz = 2; 
je) & S ag AK PE 3S 
[= POS = FD ES 
+ 3 Ss SEE 
z= = <= ol Se 
Fr} E oO Bee a © 
LE 4 FT Oo 
Yn io} = E © 
<< = (el 
(ei 0 lé 0 =e 
< 0 CD 10 150 200 25 5 


NaCl APPLIED (g) NaCl APPLIED (g) 


Figure 2. The responses of sugar beets to common salt. A: common satt added to the 

basic nutrients before sowing, and B: common salt applied to two-month-old plants. The 

transpiration data are mean values of several experiments and illustrate only a possible 
course of the curves in relation to the amount of sodium chloride applied. 


of both ions. Sodium tended to reduce the potassium content in the leaves, 
however, there is no decrease in total uptake of potassium. The view that 
sodium acts in some way to promote the growth and vigor of the sugar 
beets, which result in increased yield has been expressed by Trough (23), 
Lehr (19) and several other investigators. The function of sodium in plant 
processes is rather unknown. The following observations are generally 
suggested in discussions of the action of sodium in the plant: 1) sodium 
seems to be associated with potassium deficiency, 2) sodium may effect a 
more favorable Ca:K balance in the plant, partly by reducing the uptake of 
calcium, (Lancaster, 18), and 3) sodium has an indirect effect on plants by 
way of the soil. 

These actions of sodium are, however, very speculative. It may be that 
more attention should be paid to the simultaneous anionic effect, e.g. of 
nitrate, chlorine or sulphate. Further experiments to elucidate this problem 
are therefore in progress in our laboratory. 
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Potassium. — The increased accumulation of sodium seems to dislodge 
the potassium ion. There is, however, no antagonism between these two ions. 
According to Epstein and Hagen (11) the potassium and sodium ions probably 
each have their distinct binding sites, and competition between these ions 
is consequently unthinkable. 

Calcium. — The calcium content decreases with increased additions of 
common salt, figure 2. According to Eaton (8) and Harmer and Benne (13) 
there is usually a decreased accumulation of calcium in the leaves when 
sugar beets are supplied with common salt. Gauch and Wadleigh (12) have 
investigated the effect of various salts on different grasses, and also found 
here a decreased calcium accumulation in the leaves. There were consider- 
able variations, however, probably depending on the anions. 

Silicon. — In the present experiments with common salt the silicon con- 
tent decreases with increasing application of salt. The low contents after 
watering in experiment 6 are really remarkable. An approximate calculation 
shows that the Si content is at least 0.6 mmol per g. dry matter, if the real 
growth after watering is taken into consideration and no further uptake of 
Si occurs in the leaves. Analyses show Si contents of 0.2 mmol, and it is 
therefore probable that the silicon is transported to the root, and that 
silicon consequently should be a highly mobile molecule. 

In the recent years there has been increased interest in the possible physio- 
logical importance of silicon. Jorgensen (15) and other investigators have 
shown that silicon is indispensable for the development of diatoms. Engel (10) 
has shown that 80 per cent of the silicon in rye straw is found as a complex 
between d-galactose and silicic acid. This complex naturally draws the atten- 
tion to the analogous complexes between boric acid and carbohydrates. 

Chlorine. — As may be seen from the experimental data only smail 
amounts of chlorine are found in the tops, and the ratio between Na and Cl 
is about 35 : 1. The chlorine concentration first reaches a maximum, parallel 
to the case of sodium, and then decreases again. 

According to Buchner (3) it is the chlorine ion that is the principal growth- 
promoting ion in NaCl. 

Interaction between silicon and chlorine. — The linear curve in figure 3 
depicts the relation between chloride and silicon on treating with common 
salt before sowing (experiments 1, 2 and 4), while the other curve gives the 
relation on watering with sodium chloride solution (experiment 6). The 
correlation between Si and Cl is evidently independent of, for instance, water 
content and individual experimental conditions. It will be seen from the 
figure that the activity of Cl is about 25 times that of Si. 

An explanation of this relationship cannot be provided. On the other hand, 
it may be that the interaction between Si and Cl is of importance for the 
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Figure 3. To the left, the relationship between Si and Cl contents in the leaves. The straight 
upper line includes all values obtained in experiments 1, 2 and 4, while the other curve 
shows the values after an application of NaCl io two-month-old plants. To the right, the cor- 
relations between Si and Na. Here the curves represent data from only experiment 4 and 6. 


growth. An explanation of the growth-promoting effect observed in the 
present experiment is that a silicic-d-galactose complex inhibits the forma- 
tion of galactan, which is an important cell wall constituent, and that 
chlorine ions activate the decomposition of this complex, which, after a 
decrease in Si, results in an increased growth rate of the cell wall. 

The interaction between silicon and sodium. — If the sodium content of 
the leaves is depicted in figure 3, instead of the chlorine content (experi- 
ment 4 and 6) curves similar to those previously described are obtained, but 
the curves vary for different soil moisture contents. The silicon content 
decreases with increased sodium content, and this agrees with the results 
obtained by Burström (5) in experiments with sulphite waste liquor, where 
the silicon content increases with decreased absorption of sodium. 
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Discussion 


Regardless of whether common salt is added to the basic nutrients before 
the plants are sown or to the two-month-old plants, the chemical composi- 
tion of the leaves will be considerably changed (figure 2). 

The more significant aspects have already been outlined and discussed 
in preceding sections. The most remarkable phenomenon appears to be the 
low chloride ion concentration found in these experiments and a further 
discussion of this problem is therefore essential. 

Several plants are known to absorb the chloride ion without greater diffi- 
culties and analyses of sugar beets further confirms this fact. Experiments 
by Eaton (8) with the application of common salt to sugar beet plants show 
that the accumulation of sodium and chlorine in the leaves occurs in prac- 
tically equivalent quantities. A few data from Eaton’s experiments are given 
in the following table: 


| Press juice mequiv. per litre 
Sugar beets (leaves) — — nn —_ 
| Na | K | Mg | Cl 
| | 
Control... endeten | 229 | 167 | 101 44 
>» + 50 mequiv. NaCl ...... Fa ee 91 
> +150 mequiv. > ...... | 392 | 187 | 167 | 175 


It will be seen from the table that an increase of NaCl involves an equi- 
valent increase of Na+Cl. Intermediate values will be found if Harmer and 
Benne’s (13) experiments are examined. For example, in one control experi- 
ment they found sodium and chlorine contents of 0.38 and 0.146 mmol per g. 
dry matter respectively. After addition of sodium chloride the Na content 
increased by 0.28 mmol, while the Cl only increased by 0.026 mmol, a ratio 


of 10 : 1. Here is a divergence of data concerning the chlorine accumulation 
between Eaton’s results and ours. 


An investigation by Buchner (4) seems to reject the theory of equivalent 
accumulation of sodium and chlorine; he found that the accumulation of 
the chloride ion is highly dependent on the nature and quantity of the 
nitrogen supply. According to Buchner the nitrate ions compete with the 
chlorine ions. This competition does not occur, however, when ammonium 
salts are used as fertilizers. The foregoing considerations indicate that the 
chloride ion accumulation in the leaves depends on, among other factors, 
the composition of the basic nutrients. It is therefore impossible to make 
a direct comparison between the experiments described here. 
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The influence of common salt on transpiration 


It is generally supposed that the common salt influences the water balance 
of sugar beets. Detailed investigations, for instance on the transpiration, that 
might support this assumption do not, however, exist, but in the case of 
other plants the conditions are better known. Van Eijk (9) has investigated 
the effect of sodium chloride on the growth, succulence and transpiration of 
Salicornia herbacea. The effect that salts have on the succulence structure 
of these plants depends entirely on the presence of the chloride ion and 
upon its concentration (in the external solution!). The effect of NaCl on 
transpiration is specific and does not depend on the osmotic effect of the 
salt solutions. At lower concentrations he further noted a decrease in trans- 
piration to 30—50 per cent of that in the controls. He points out, moreover, 
that nitrate or sulphate within certain limits can be substituted for the 
chloride, and in the same way Mg for Na, and that in this case an analogous 
effect on the transpiration is obtained. 

These theories also closely approach the conclusions reached in agri- 
cultural manuring experiments. As early as 1864 Nobbe and Siegert found 
that fertilizers containing sodium chloride and other salts had an inhibiting 
effect on the transpiration of various crops. 

Since that time there has been a number of papers dealing with this 
problem and these works are fully summarized by Kosmat (17). There is, 
however, no real solution to the problem in these summaries, as the experi- 
mental technique may have been rather imperfect. The result of Kosmat’s 
own investigation is that the stomatal aperture, which he investigated 
thoroughly, in many economic plants is a rather fixed system, and that the 
transpiration rate depends on other factors. 


Experimental 


Hygen (14) has published a critical review of the methods for determining 
the transpiration as well as calculating the transpiration parameters. The 
mathematical analysis of the experimental data advocated by Hygen could 
not, however, be applied to the beet material investigated here. 

The method of weighing excised leaves was used in our transpiration 
determinations. Some experiments were, however, performed to compare the 
rate of transpiration with actual transpiration determined by weighing intact 
beet plants in their pots. 

Experimental procedure. All of the experiments were performed in a photo- 
thermostat with an approximate volume of 200 litres in which temperature and 


light intensity could be adjusted. One electric fan was placed in the cabinet and 
another in the bottom of the cabinet to ensure constant and rapid change of air, 
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Figure 4. Examples of the experimental 
data obtained by using the momentary 
method for determination of transpira- 
tion. A: shows the curve from an 
excised leaf from a plant growing with- 
out. NaCl. B: a similar curve from a 
plant with a medium application of 
NaCl. The slope of the first of the two 
straight lines is assumed to constitute 
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and the thermostat was placed in a room with rather constant humidity. Before 
the plants were used in the experiments they were allowed to stand 12 to 48 hours 
in the thermostat to reach equilibrium with the experimental conditions. The excised 
leaves were immediately weighed on a torsion balance, and a weight-time curve 
was recorded. Figure 4 shows two typical examples. Most of these curves were two 
straight, intersecting lines, however, variations in the appearance were noted after 
an experimental time of 5 to 15 minutes. 

With the experimental technique used here the stomata do not exhibit any closing 
phase, and it is therefore not possible to determine the cuticular transpiration; it 
must be measured directly in darkness. The slope of the first straight line is there- 
fore assumed to be a measure of the total transpiration and only values for the 
latter are shown in tables and diagrams. The transpiration (T) is expressed in mg. 
of water lost by the plants during one hour per g. or dm.? of the leaves. The analyses 
nos. 1 to 6 and 20 to 25 in table 8 show examples of the reproducibility of the 
value for the total transpiration. Direct quantitative measurements of stomatal 
aperture were not attempted. However, the aperture was controlled by means of 
infiltration tests. 


The influence of common salt applied before 
sowing on transpiration 


1. Total transpiration. — In order to elucidate the effect of common salt 
on transpiration, plants grown with various applications of NaCl and various 
degrees of soil moisture content were selected and the transpiration measured 
according to the above-described method. The results are given in table 8. For 
all three degrees of saturation the total transpiration of the excised leaves from 
pots with an addition of 0.5 to 1.0 g. NaCl exhibits a minimum. A similar result 
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Table 8. Measurements of transpiration according to the momentary method. 


RN Total transpiration = 
No- lSaturation = ry matter | Succulence 
NaCl g. mg./g. mg./dm?. ep 
if 0 158 77, 9.20 20.3 
2 0 | 152 228 8.02 27.6 
3 0.5 92 Heil 8.3 
5 0.13 ¢ 30 26.1 
4 0.5 133 2215 11.6 Dill 
5 1.0 214 359 8.52 30.7 
6 1.0 201 311 9.66 28.0 
7 0 148 220 — == 
er 124 149 — = 
1. 99 112 = = 
10 15 + 1. 194 = = 
11 2.0 300 368 | _ — 
12 25 460 685 u — 
13 | 0 0.38 | 156 198 11.55 22:3 
14 | 0.5 to 136 160 14.60 20.2 
15 | 1.0 0.13 56 73 | 10832 23.0 
1 == 
+ a Darkness: 3 oni = 
18 1.0 cuticular | 43 69 es LE 
19 15 transpiration 73 97 a 
20 0 214 283 ae 24.5 
21 0 | 200 265 7.41 24.6 
22 0.5 | 0.88 158 | 284 8.20 32.9 
23 0.5 | 5 154 | 234 9.60 27.4 
24 1.0 | 318 503 — | = 
| 25 1.0 | 240 474 6.35 36.9 


is obtained if the transpiration is calculated per dm. leaf surface. It is 
characteristic of the transpiration minima obtained in this way that they 
correspond largely to the maxima on the growth curves, which may depend 
on a rather constant number of stomata per leaf, and consequently a 
decreased number per unit of the surface on occasions of rapid growth. 

2. Cuticular transpiration. — The transpiration was measured after the 
plants had been kept for 4, 6, 12, 24 and 48 hours in darkness, in order to 
determine the cuticular transpiration. As controlled, the stomata were closed, 
and the curves was again two straight, intersecting lines, independent of 
the length of the dark period. The value of the total transpiration, which in 
this case is assumed to be cuticular transpiration, is shown in table 8 (nos. 
16—19). 

3. The influence of a period of drought on transpiration. — In order to 
investigate the effect of a period of drought plants growing in soil with 
medium moisture content were selected, and the moisture content was allowed 
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Table 9. Determination of transpiration by weighing the intact plants. 


ss TEE) 


| 
| Treat- | Transpiration: water loss per day g. Mean value mg./g. per hour) 
Fresh = — Te ar Tr IE 
| ment : | 2 weighing | momentary 
NaCl g. Bau 1 2 : = = 5 method method 

Pe ee El ee ee ee ee m 
| | | | | 
| 0 48 71 130. | 62 79 | 68 42 | 65 | 148 

0.5 60 val 92 43 72 51 33 | 42 | 124 

1.0 | 65 50 68 31 61 38 23 | 29 | 99 

11.) 41 52 78 38 63 49 36 | 54 | 155 

2.0 | 20 55 59 44 57 46 41 | 105 | 300 

235 | 8 43 47 37 44 39 | 210 | 460 


to fall to about 13 per cent. It will be seen from the transpiration determina- 
tions, table 8 (nos. 13—19), that in spite of decreased soil moisture content 
the relationship between NaCl treatment and transpiration is unchanged. 
Even the numerical values have been maintained, which may be caused by 
the fact that the water content of the leaves did not differ from that in 
cultures grown in soil with medium moisture content. The lack of measure- 
ments of stomatal aperture in this experiment render all conclusions un- 
certain. 

4. Determination of actual transpiration rate by weighing the experimental 
pots. — Another method of determining the transpiration is to weight the 
experimental pots and in that way determine the amount of water lost by 
the plants. In order to calculate the transpiration it must then be assumed 
that all evaporation takes place from the leaves and that the fresh weight 
or the total surface of the leaves is known. 

The measurements were made a week before harvesting in the greenhouse 
without disturbing the arrangement of the pots on the benches. After a cor- 
rection was made for evaporation of water from the soil surface the amount 
of water added each day to keep the pots at constant weight was assumed 
to be equivalent to the water lost by total transpiration. The results from a 
series with constant soil moisture content are given in table 9. Each value 
is the mean of 5 pots with random placing in the blocks and the fresh 
weights are taken from table 2. It will be seen from the table that there is a 
very close correlation between the values for transpiration rate determined 
according to the momentary method and the method of weighing whole 
pots. The lower values obtained by the latter method can be ascribed to the 
dark periods and the fact that the fresh weight here includes the total ’ 
mass. 

This comparison shows that the momentary method may be of value a. 
means of estimating transpiration rates of plants in their natural habitat. 

In employing the momentary method the cutting effect deserves attentior 
With the beet plants investigated here, the effect may result in highly 
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Figure 5. Transpiration 12 to 14 days after an application of 
sodium chloride to two-month-old plants. The experimental 
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diverging values for the period 0 to 20 seconds after the cutting. It means 
that initial transpiration rates can be higher as well as lower than the value 
of the assumed total transpiration rate. In spite of numerous analyses it was 
impossible to predict anything about the magnitude of the cutting effect or 
whether the total transpiration rate is influenced. 


The influence of the application oj common salt 
to two-month-old plants 


In analogy with the preceding experiments corresponding determinations 
of transpiration were made on the beets watered with NaCl solutions. The 
results from experiment 6 given in figure 5 are the total transpiration 10 to 
14 days after the treatment. It will be seen, firstly that the transpiration 
displays the same characteristic minimum as was obtained on adding com- 
mon salt before the sowing, and, secondly, that the transpiration decreases 
when the leaf size increases. If these results are compared with growth curve 
in figure 2 B it will be observed that a minimum of transpiration is reached 
in these experiments before the period of optimal growth, in contrast to the 
results obtained in the first experiments depicted in figure 2 A. 


The influence of common salt on degree of succulence 


Common salt as fertilizer for sugar beets usually causes an increase of the 
water content in the leaves. The degree of succulence is defined here as the 
total water content per unit of surface. A few calculations of this relationship 
are given in table 8. In spite of considerable variations in the results it is 
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yet evident that the degree of succulence increases with common salt addi- 
tions. The variations are caused partly by experimental difficulties, e.g., it 
is hard to determine the leaf surface, and partly by the genetic heterogeneous 
nature of the beet material which gives varying responses to common salt. 


Discussion 


The decrease in transpiration demonstrated by van Eijk (9) and Margo- 
lina (21) for sugar beets, after a treatment with common salt has been con- 
firmed in our experiments. Curves giving the course of the variation in 
transpiration are plotted in figure 2A and B, together with the curves de- 
scribing the chemical composition and growth. They indicate the inter- 
relationship of different factors. As already mentioned, one explanation of 
the decreased transpiration may be a decreased number of stomata per unit 
of surface on occasions of rapid growth. Other factors, however, influence 
the transpiration here, and attention must be paid to the formation of 
adventitious roots when common salt is added in high concentration before 
sowing. An alteration in water permeability, water-holding capacity, or 
chemical composition of the plant here may influence the actual transpira- 
tion. It has been established by experiment in our laboratory that an increase 
in sodium seems to increase transpiration, on the other hand, Wagner (25) 
has shown that silicon exerts an inhibitory effect on transpiration. The con- 
centrations of both ions are changed considerably in opposite directions in 
these experiments, but it is impossible to predict anything about their effect 
on transpiration. 


The degree of succulence obtained is in agreement with the data reported 
by van Eijk (9). Opinions are widely divergent as to what factors determine 
the degree of succulence. Walter (26) is inclined to believe that the ratio 
chloride : sulphate is decisive, while van Eijk holds the chloride ion to be 
the sole determining factor. 


Summary 


Sugar beets grown in pot cultures were treated with common salt, partly 
added before sowing and partly applied to two-month-old plants. A study 
was made of the relations between common salt and growth, chemical com- 
position and transpiration. The major conclusions reached were: — 

Common salt has two effects on sugar beets: 1) a damaging effect on the 


main root of the beets, although adventitious roots may develop, and 2) a 
considerable promoting effect on the growth. 


RESPONSE OF THE SUGAR BEET TO COMMON SALT 833 


Sugar beets fertilized with basic nutrients without sodium chloride 
exhibited poor development with symptoms of sodium deficiency. An applica- 
tion of common salt to two-month-old plants resulted in greater vigor and 
an increase in yields of 100 to 200 per cent. 

The growth-promoting effects of common salt are independent of the 
moisture content of the soil, (with exception for extreme high and low water 
tensions). 

There is a remarkable effect upon the chemical composition of the leaves, 
regardless of the time for application of common salt. The sugar beets 
accumulate sodium until a rather constant level is obtained, independent 
of the external concentration of sodium ions. The sodium ions tend to 
decrease the uptake of calcium and the accumulation of silicic acid in the 
leaves. 

The application of common salt to two-month-old planis shows that, 
especially, silicon as calcium ions possess a great mobility. 

There is a strong negative correlation between the concentration of chlorine 
and silicon. It is postulated that one growth-promoting effect of the chloride 
ions may be an activation of the breakdown of a silicic-d-galactose com- 
pound in the cell wall which restricts growth. 

The accumulation of chloride ions in the leaves was low and a competitive 
effect between chloride and nitrate ions is discussed. 

Decreased transpiration with a medium salt concentration may depend on 
a constant number of stomata per leaf surface, but the influence of other 
undetermined factors is postulated. 

The author wishes to thank Director T. Wintzell and Mr. O. Wiklund, the Swedish 
Sugar Corporation, for financial support and Professor Hans Burström, who placed 
the excellent facilities of his Institute at the author’s disposial and who also, readily 
criticized and discussed the results. 
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Von 
HELMUT KINZEL und WALTER URL 
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Einleitung 


Obwohl die Katalase an einem botanischen Objekt, nämlich in Auszügen aus 
Tabakblättern als selbständiges Enzym erkannt und benannt wurde (Loew 1899), 
verlagerte sich der Schwerpunkt der Katalaseforschung später recht bedeutend. Auf 
botanischem Gebiet waren vor allem die Bakterien bis in die neueste Zeit hinein 
das beliebteste Versuchsobjekt, wovon eine grosse, mit einer eingehenden Literatur- 
übersicht versehene Arbeit von Molland (1947) Zeugnis gibt, während die höheren 
Pflanzen etwas zurückstehen mussten. Die grundlegenden Untersuchungen aber, die 
zur Isolierung des kristallisierten Enzyms (Sumner u. Dounce 1937) sowie zur 
Identifizierung der Wirkgruppe als Häminderivat (Zeile und Hellström 1930, Stern 
1935) führten, wurden durchwegs mit Präparaten tierischer Herkunft, zumeist aus 
Leber, durchgeführt. Versuche zur Isolierung von reinen Enzympräparaten aus 
Teilen höherer Pflanzen wurden kaum durchgeführt und gaben, wo sie in Angriff 
genommen wurden (Zeile 1931), keine sehr ermutigenden Resultate. Diese Schwierig- 
keiten liegen offenbar in der Natur des pflanzlichen Objektes. Leider werden von 
solchen Schwierigkeiten nicht nur die Versuche zur Reindarstellung des Enzyms 
betroffen, sondern auch die Methoden zur Katalasebestimmung an pflanzlichen 
Objekten überhaupt. Schon v. Euler, Myrbäck u. Myrbäck (1930) machten darauf 
aufmerksam, dass die Katalase sehr empfindlich gegen äussere Einflüsse ist. Das 
Material darf vor der Untersuchung nicht getrocknet werden, es darf nicht in Was- 
ser, sondern nur in Pufferlösung zerrieben werden. Wird das Material in Wasser 
zerrieben, so »findet man oft viel weniger Katalase, was wohl mit der Zerstörung 
durch nichtoptimale Azidität zusammenhängt.» Lc. S. 215. Ferner erwähnen die 
Autoren die Möglichkeit, dass die Katalase durch gleichzeitig anwesende Hemmungs- 
körper teilweise inaktiviert wird, obwohl sie innerhalb ihrer Versuchsergebnisse 
keine Anhaltspunkte für solche Hemmwirkungen finden konnten. In neuerer Zeit 
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wiesen Hasse und Specht (1952), die allerdings nicht mit Katalase, sondern mit 
anderen desmolytischen Enzymen arbeiteten, darauf hin, dass die Untersuchung 
von Dehydrase-Systemen in Extrakten aus grünen Blättern besonders schwierig sei, 
weil diese Enzyme hier rascher zerstört werden als z.B. in Extrakten aus Legu- 
minosensamen. 


Aus solchen Versuchsergebnissen ergibt sich die Frage, bis zu welchem 
Grade die in einem Extrakt festgestellte Enzymmenge der ursprünglich in 
dem lebenden Organ enthalten gewesenen Enzymmenge entspricht bzw. wie 
weit es möglich ist, die Faktoren, die den Verlust bedingen, zu erkennen 
und auszuschalten. Die vorliegende Arbeit versucht diese Frage für einen 
solchen Faktor, nämlich den Säuregehalt des pflanzlichen Zellsaftes, zu 
beantworten. 


Fragestellung und Methodik 


Die in jüngster Zeit neu entwickelten Theorien der Photosynthese, die ent- 
scheidend beeinflusst sind von der Beobachtung, dass der Assimilations- 
Sauerstoff nicht aus dem CO,, sondern aus dem Wasser stammt (Ruben und 
Mitarbeiter 1941), hat das Interesse der Biochemie u.a. auch auf die Katalase 
gelenkt. Für die auf den ersten Blick sehr einfache Vorstellung, dass die bei 
der Dehydrierung des Wassers zunächst entstehenden OH-Gruppen sich 
paarweise zu H,O, vereinigen, das dann durch Katalase zu Wasser und 
Sauerstoff zersetzt wird, liess sich freilich bis jetzt kein schlüssiger Beweis 
erbringen. Immerhin weist aber die regelmässige Gegenwart von Katalase in 
assimilierenden Organen bzw. die von mehreren Autoren festgestellte deut- 
liche Korrelation zwischen Chlorophyll- und Katalase-Gehalt (nach Hagen 
und Jones 1952 findet sich unter bestimmten Bedingungen sogar in Homo- 
genisaten die Katalase in der Chloroplastenfraktion) darauf hin, dass wahr- 
scheinlich zwischen diesem Enzym und der Photosynthese doch ein irgend- 
wie gearteter Zusammenhang besteht. 

Wir waren daher sehr überrascht, als wir in einigen orientierenden Ver- 
suchen feststellten, dass zerriebene Begonia-Blätter, mit 1 °/o H,O, zusam- 
mengebracht, praktisch keinen Sauerstoff entwickeln, während Tradescan- 
tia-Blätter bei gleicher Behandlung stark aufschäumen. Die Annahme, Be- 
gonia enthalte keine Katalase, war nach dem oben Gesagten ganz unwahr- 
scheinlich. So vermuteten wir, dass die im Protoplasma (bzw. in den Plasti- 
den) der Begonia-Blätter enthaltene Katalase durch irgendeine Substanz, die 
erst beim Zerreiben der Blätter mit dem Enzym in Berührung kommt, zer- 
stört wird. Bekanntlich enthält Begonia im Zellsaft ganz ausserordentlich 
grosse Mengen von Oxalsäure. Erhitzt man Begonia-Blätter, so verfärben sie 
sich nach Braun. Das lebende Protoplasma kommt ja mit den Säuren nicht 
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) Abb. 1. Schema des verwendeten Apparates zur gas- 
volumetrischen Katalasebestimmung. 
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in Berührung, da es durch den Tonoplasten vom Zellsaft abgeschirmt ist. 
Erst nach dem Tode des Protoplasten kann die Oxalsäure mit den im Plasma 
enthaltenen Stoffen reagieren und sie bewirkt z.B. an den Chloroplasten eine 
Braunfärbung infolge Bildung von Phaeophytin. Ähnliche Vorgänge sind aber 
auch beim Zerreiben der Zellen zu erwarten. 

Unser Verdacht wurde erhärtet durch die Beobachtung, dass die Katalase- 
Aktivität zerriebener Tradescantia-Blätter schlagartig erlosch, wenn dem 
Gemenge eine geringe Menge Salzsäure zugesetzt wurde. Es handelt sich 
dabei, wie wir später sahen, nicht um eine vorübergehende Inaktivierung, 
sondern um eine effektive Zerstörung des Enzyms, da nachträgliche Auf- 
pufferung zu neutraler Reaktion die Aktivität nicht oder nicht vollständig 
wiederherstellt. Um die Verhältnisse näher zu untersuchen, wandten wir uns 


quantitativen Versuchen zu. 


Wir arbeiteten nach einer gasvolumetrischen Methode. Die von uns verwendete 
Apparatur zeigt Abb. 1. Eine Saugflasche ist mittels eines Gummischlauches mit 
einer 50 ecm-Bürette verbunden, an deren unterem Ende mittels eines zweiten 
Schlauches ein Niveaugefäss angeschlossen ist. Die Saugflasche ist mittels eines 
durchbohrten Gummistopfens, in den ein Glasrohr mit Hahn eingeführt ist, ver- 
schlossen. 

Zur Durchführung der Versuche wurden auf einer Torsionswaage jeweils 200 mg 
Blattsubstanz abgewogen, in einer Reibschale rasch zu einem feinen Brei zerrieben, 
mit 30 ccm Phosphatpufferlösung pH 7,4 (hergestellt aus 6 Teilen '/15-M KH,PO,- 
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Lösung und 4 Teilen 1/15-M Na,PO,-Lésung) übergossen, darin verrührt und in die 
Saugflasche eingefüllt. Diese wurde in eine Schüttelmaschine gestellt und an den 
zur Bürette führenden Schlauch angeschlossen. Sodann wurden 50 ccm 1 °/o H,O, 
(aus Perhydrol Merck p.A. hergestellt) hinzugefügt, worauf der Gummistopfen auf- 
gesetzt und gleichzeitig der Wasserspiegel in der Bürette mittels des Niveaugefässes 
auf die Nullmarke eingestellt wurde. Die Bedienung des Apparates erfordert bei 
kontinuierlicher Messung zwei Personen, deren eine nun den Hahn an der Saug- 
flasche schloss und gleichzeitig den Motor der Schüttelmaschine und die Stoppuhr 
in Gang setzte, während die andere mit dem Niveaugefäss dem sinkenden Wasser- 
spiegel in der Bürette folgte und in regelmässigen Zeitintervallen die Volumenwerte 
ablas. Die Zeit zwischen dem Einfüllen des H,O, und dem Schliessen des Hahnes 
an der Saugflasche beträgt bei guter Einarbeitung nur wenige Sekunden, während 
welcher aus der ungeschüttelten Lösung praktisch kein Sauerstoff entweicht. 

Die Schüttelung des Reaktionsgemisches ist notwendig, weil sonst, wie schon 
ältere Autoren feststellten, durch Übersättigung der Lösung mit Sauerstoff eine 
Hemmung des Enzyms eintritt. (Vgl. Stephan 1932, S. 773). Wir vermieden es nun 
ausserdem, einen Überdruck im Reaktionsgefäss entstehen zu lassen, der eine ähn- 
liche Wirkung haben könnte, und stellten daher nicht erst zu jeder Ablesung mittels 
des Niveaugefässes auf gleich hohen Wasserspiegel ein, sondern folgten, wie be- 
schrieben, direkt mit dem Niveaugefäss dem sinkenden Wasserspiegel in der Bürette. 

Die Temperaturen lagen bei den Hauptversuchen zwischen 18 und 20°. Da bei 
diesem geringen Temperaturgang keine ausserhalb der Versuchsfehlergrenzen liegende 
Veränderung der Reaktionsgeschwindigkeit (vgl. die Temperaturabhängigkeitskurve 
bei Stephan l.c. S. 794) sowie keine beachtenswerten Veränderungen der Gasvolumina 
zu erwarten sind, wurde auf die Anwendung von Temperaturkorrekturen verzichtet. 

Die Schüttelgeschwindigkeit betrug 88 Schüttelungen pro Minute. 


Versuche 


Zunächst seien einige Ergebnisse vergleichend gegenübergestellt, die die 
Katalase-Aktivität unserer Versuchspflanzen bei normaler Behandlung (zer- 
rieben und dann mit Puffer übergossen) wiedergeben. Die linke Spalte jedes 
Versuchsprotokolles gibt die Zeit in Minuten, die rechte die nach Ablauf 
dieser Zeit entwickelte Sauerstoffmenge. 


Versuch 1 Versuch 2 Versuch 3 
Kontrolle 
Tradescantia guianensis Tradescantia guianensis, Begonia conchifolia 
Miq. (=Tr. elongata G. F. nach Ubergiessen mit Puf- 
W. Meyer) fer aufgekocht. 

Min. ccm Os Min. ccm Os Min. ccm Os 
ee 19 LR rl RÉ Po M © 125 
DR RANCE Ge 29,5 DER EN ili PAR Due CS COTE 155 
SES ne Sr ER 37,5 De eme 151 See 1,5 
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Versuch 4 Versuch 5 Versuch 6 
Oxalis floribunda Echeveria elegantissima Saxifraga sarmentosa 
Min. ccm Os Min. ccm Oo Min. ccm Os 

be 15 EN CARA ed. 1,6 hI a SS EHRE, 22,2 
DR ee 212 PP NE ROR EE 25 DE RE 35,4 
RE en: 255 Be ee ee 3a SENT: 46,2 
rer 28,6 REINER: 3,8 EDER >50 
DE cl. 30,9 DE 4,3 
OMe E ABER: 32,6 (CARRE ER ere eee 4,8 


_ Wenn nun z.B. die in 2 Minuten entwickelte Sauerstoffmenge als Mass für 
die Aktivität des Extraktes angegeben werden soll, dann ergibt sich folgen- 
des Bild: 


iradescantiay stuamensismer ee ee 29,5 ccm 
Besomiasconchitola a nee ern heran 1,5 ccm 
OxabscHombundars. ee re Ail, Com 
Echeveria elegantissıma .. .......... sean “COM 
DAXIITALA SAENTENOSA an er ee cherie ey sore 35,4 ccm 
Kontrolle Ir Mar ita ee en eels ee arene aan ners IRC 


Die Unterschiede zwischen den verschiedenen Pflanzen sind also sehr be- 
trächtlich. Es erschien uns aber zu billig, sich mit dem Resultat abzufinden: 
» Tradescantia enthält viel Katalase, Begonia wenig.» Wir gelangten viel- 
mehr zu der Meinung, dass die oben wiedergegebenen Werte gar nicht dem 
tatsächlichen Katalasegehalt der intakten Objekte entsprächen, sondern dass 
ein mehr oder weniger grosser Anteil des Enzyms bei der Herstellung der 
Extrakte zerstört worden sei. Wir vermuteten, wie bereits erwähnt, dass die 
Haupt-Ursache für diese Zerstörung in dem hohen Säuregehalt mancher 
unserer Versuchspflanzen zu suchen sei. Daher wurden von Blättern der 
verwendeten Arten Pressäfte hergestellt und deren pH mit der Chinhydron- 
elektrode am Lautenschläger-Ionometer gemessen. Es ergab sich für 


Tradescantia guianensis -,.....-...--......... pH 6,03 
Begonia conchifolia .......................... pH 1,96 
Oxalis: ODA EEE ee ela pH 2,82 
Echeveria elegantissima ....................... pH 5,5 
Saxifraga sarmentosa . ....-................... pH 6,0 


In der Literatur finden sich zwar viele Angaben über die pH-Abhängig- 
keit der Katalasewirkung, wobei zumeist breite Maxima zwischen pH 6 und 8 
gefunden wurden, jedoch scheint kaum untersucht worden zu sein, ob der 
im sauren Bereich zu beobachtende Abfall der Wirksamkeit auf einer rever- 
siblem Inaktivierung oder einer irreversiblen Zerstörung des Enzyms beruht. 
Wir führten deshalb auch einige orientierende Versuche über das Verhalten 
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der Katalase in sauren Lösungen durch. Proben von Tradescantia- bzw. 
Oxalis-Blättern (wie immer 200 mg Frischgewicht) wurden in der Reibschale 
fein zerrieben, mit 10 ccm !/100-N HCl (pH um 2) übergossen und darin ver- 
rührt. Nach verschieden langen Zeiten wurde ein Gemisch von 17 ccm pri- 
märem Kaliumphosphat und 13 ccm tertiärem Natriumphosphat (je 1/15-M) 
hinzugefügt, das die Lösung auf den von uns allgemein angewandten pH- 
Wert 7,4 aufpufferte. (Die nach Beendigung des Versuches durchgeführte 
Messung mit der Glaselektrode ergab pH 7,36.) Sodann wurde die Mischung, 
wie üblich, in das Reaktionsgefäss eingefüllt und mit 50 ccm 1 °o H,O, 
versetzt. 


Versuch 7 Versuch 8 Versuch 9 

Tradescantia guianensis Tradescantia guianensis Tradescantia guianensis 

5 Minuten HCI-Ein- 30 Sekunden HCI-Ein- 10 Sekunden HCI-Ein- 
wirkung. wirkung. wirkung. 

Min ccm Os Min ccm Os Min ccm Oo 
We eee 1,2 I Wes 1,8 Des ee 1,9 
De hea. are ae 1,5 EN: 2,4 EEE eee 2,6 
Inner 1,6 See hy meee nee 2,7 EN ES = 3,0 
WEN: ot ete 1,6 RS One 3,1 Pie re 3,4 

Versuch 10 Versuch 11 
Tradescantia guianensis Oxalis floribunda 
Kontrolle (gekocht). 1 Minute HCI-Einwirkung. 
Min. ccm Os Min. ccm Os 
Lula Rene 1,3 À ARR PEL Ce 1,8 
RE DC AL 1,6 Dee pda 2,0 
SR eer tote 1,6 big aes conn ees 2 1 
A ER Le 1,6 a ge 2,2 


Wie ersichtlich, zerstört 1/100-N Salzsäure, die im pH-Wert etwa dem 
Begonia-Pressaft entspricht, schon in 10 Sekunden die Katalase von Trades- 
cantia nahezu vollständig. Oxalis-Pressaft ist nicht ganz so sauer (pH um 2,8). 
Wir untersuchten nun weiter, wie eine Lösung dieser Azidität auf Katalase 
wirk. Durch Mischen von 45 ccm !/ıs-M Lösung von primären Kaliumphos- 
phat und 5 ccm ‘/10-N Salzsäure wurde eine Pufferlösung mit dem pH-Wert 
2,8 hergestellt. Dann wurden, ähnlich wie bei den Versuchen 7, 8, 9 und 11, 
zu einer zerriebenen 200 mg-Portion von Tradescantia- bzw. Oxalis-Blättern 
10 ccm dieser Pufferlösung zugesetzt und 1 Minute einwirken gelassen, 
worauf durch Zusatz eines Gemisches von 8 ccm primärem Kaliumphosphat 
und 13 ccm tertiärem Natriumphosphat (1/15-M Lösungen) der zur Bestim- 


mung benötigte pH-Wert 7,4 hergestellt wurde. Die pH-Werte wurden mit 
der Glaselektrode überprüft. 
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Versuch 12 
Tradescantia guianensis, 


1 Minute mit Pufferlösung 
pH 2,8 behandelt. 


Min. ccm Os 
I Se 1,4 
DIN PER AT. SE 238 
Bie ee 2,8 
a EDER NER: 32 
Ey NEN 3,5 
EEE 3,8 


Versuch 13 


Oxalis floribunda, 


1 Minute mit Pufferlösung' 


pH 2,8 behandelt. 


841 


Min. ccm Os 
Mate 10,3 
DE te 15 
SMe recess 19 
UN eas ee a Re 21,9 
ay, (se rm eer 24,3 
CNRS RE are 26,2 


Selbst wenn man berücksichtigt, dass Oxalis mehr Katalase enthält als 
Tradescantia (was erst die folgenden Versuche zeigen werden), bleibt das 
bemerkenswerte Resultat bestehen, dass zerriebene Oxalis-Blätter, die mit 
Pufferlösung pH 2,8 behandelt wurden, eine bedeutend höhere Katalase- 
Aktivität zeigten als gleich behandelte Tradescantia-Blätter. Es wäre jedoch 
verfrüht, aus diesen wenigen Daten auf das Vorkommen von mehreren 
spezifischen Katalasen zu schliessen. Wir haben die diesbezüglichen Unter- 
suchungen, da das angedeutete Problem ausserhalb unserer eigentlichen 
Fragestellung lag, nicht weitergetrieben. Immerhin sei auf die Arbeit von 
Blagoweschenski (1938) hingewiesen, der qualitative Unterschiede verschie- 
dener Pflanzenkatalasen beschreibt. Weiter gibt Malowan (1938) an, dass 
die in Avocado-Samen enthaltene Katalase HCN-resistent ist und ihr pH- 
Optimum bei 10,5 hat. — Orientierende Versuche zeigten ferner, dass die 
schädigende Wirkung einer Pufferlösung mit dem pH-Wert 4,8 auf Trades- 
cantia-Katalase bedeutend geringer ist als die der vorstehend behandelten 
stärker sauren Lösungen. 

Die Versuche zeigen, dass Lösungen, die in ihrem pH-Wert mit den Press- 
säften einiger unserer Versuchspflanzen übereinstimmen, Katalase rasch, 
z.T. nahezu momentan zu zerstören vermögen. Nun wird es verständlich, 
warum etwa die Katalase-Aktivität zerriebener Begonia-Blätter so gering ist. 
Die im Protoplasma der Blattzellen vor den Zellsaft-Säuren geschützte Kata- 
lase kommt ja beim Zerreiben mit dem sehr sauren Zellsaft in innige Berüh- 
rung und wird schon innerhalb weniger Sekunden nahezu vollständig zer- 
stört. Die bisher von uns und wohl auch von anderen Autoren angewandte 
Methode, den Katalasegehalt von Blättern zu bestimmen, gibt also keinen 
Aufschluss über den tatsächlichen Katalasegehalt derselben, sondern es tritt 
nur derjenige Anteil der Katalase in Erscheinung, der nach der Einwirkung 
von eventuell vorhandenen Zellsaft-Säuren noch übrig bleibt. 

Wir suchten daher nach einer Möglichkeit, diesen Einfluss der sauren Zell- 
säfte auszuschalten. Am naheliegendsten erschien es zunächst, die Blattpor- 
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tionen in Pufferlösung zu zerreiben, wie dies auch v. Euler und Mitarbeiter 
(1930) empfehlen. Dabei ergaben sich folgende Werte: 


Versuch 14 Versuch 15 
Tradescantia guianensis, Begonia conchifolia, 
in Puffer pH 7,4 zerrieben. ebenso behandelt. 
Min. ccm Os Min. ccm Os 
LOO ae ere 24 IE 3,0 
DEE 38,5 DURFTE SER 4,1 
Sites: en est 49,5 ee 5 
EST >50 ADA ey a eee seers 5,9 
len 6,4 
Gia oo ee 7,0 


Vergleicht man die Versuche 14 und 15 mit den Versuchen 1 und 3, dann 
ergibt sich, wenn man wieder die in 2 Minuten entwickelte Sauerstoffmenge 
als Mass für die Katalase-Aktivität angibt, folgendes Bild: 


Tradescantiar normalszerrieben 2. nn 29,5 ccm 
Tradescantia, in Puffer zerrieben . ............ 38,5 ccm 
Begonia, normal zerriebene rn. er. 1,5 ccm 
BesontasınaPufferszerriebenen er: 4,1 ccm 


Die nachweisbare Katalase-Menge ist also bedeutend erhöht, und zwar bei 
Begonia relativ stärker als bei Tradescantia, was dafür spricht, dass der 
saure Zellsaft von Begonia durch den Puffer tatsächlich bis zu einem ge- 
wissen Grade an seiner Enzym-schädigenden Wirkung gehindert wurde. 

In dem Bestreben, den Säure-Einfluss noch weiter auszuschalten, infil- 
trierten wir die Blattstücke im Wasserstrahlvakuum mit dem Puffer und 
zerrieben sie erst dann im gleichen Puffer. 


Versuch 16 Versuch 17 
Begonia conchifolia, Saxifraga sarmentosa, 
in Puffer pH 7,4 infiltriert ebenso behandelt. 
und zerrieben. 

Min. ccm Os Min. ccm Os 
1 EN RE 3,0 RE 27,5 
Dr CSA ARE ne 4,2 DE 47,1 
ee ie) Sa ene ec >50 
RER tects 5,7 
ahs Mier Et 6,3 
Gi wk chee anne 6,7 


Diese Behandlung vermag also die Katalase-Aktivität von Begonia nicht 
weiter zu steigern. Trotzdem bleibt, wie ein Vergleich der Versuche 16 und 
17 zeigt, der Unterschied gegenüber einer Pflanze mit neutraiem Zellsaft so 
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gross, dass es uns weiterhin fraglich blieb, ob die bisher von uns erhaltenen 
Werte der ursprünglich in den Begonia-Zellen enthalten gewesenen Katalase- 
Menge entsprachen. 

So griffen wir zu einem Mittel, das in der Zellphysiologie seit langem be- 
kannt ist, in der Enzymforschung aber noch nicht angewendet worden zu 
sein scheint: Seit De Vries (1871) wissen wir, dass Ammoniak recht leicht 
durch das Protoplasma lebender Zellen bis in den Zellsaft vordringen und 
denselben alkalisch machen kann, was z.B. an dem Farbumschlag von even- 
tuell darin vorhandenem Anthocyan zu erkennen ist. Ammoniak ist ja eine 
ziemlich schwache Base und daher in wässeriger Lösung zu einem wesent- 
lichen Anteil in Form undissoziierter NH,-Moleküle vorhanden, die infolge 
ihrer Lipoidlöslichkeit durch das lebende Plasma zu permeieren vermögen. 
Die quantitative Schätzung der Ammoniak-Permeabilität gelang Collander, 
Turpeinen und Fabritius (1931). Die methodische Anwendung von Ammo- 
niak als bequemes Hilfsmittel zum alkalisch machen von Zellsäften wurde 
in neuerer Zeit von Höfler (1947) eingeführt, der auf diese Weise bei Vital- 
färbeversuchen die Ionenspeicherung basischer Farbstoffe von einer Speiche- 
rung durch chemische Bindung unterscheiden konnte. Vgl. auch Jacobs 
(1923), McCutcheon and Lucké (1924) und Wiesner (1951). 

Wir wogen also eine weitere 200 mg-Portion unserer Begoniablatter ab, 
infiltrierten sie an der Wasserstrahlpumpe mit Wasser, zerschnitten sie, 
um das Eindringen des Ammoniak zu erleichtern, in etwa 2 mm breite 
Streifchen und legten sie für 30 bzw. 45 und 75 Minuten in ‘/10-N Ammoniak. 
Nach dieser Zeit war die urspriinglich rot gefarbte Epidermis der Blattunter- 
seite blau geworden. Die Blatt-Streifchen wurden nun aus dem Ammoniak 
genommen, in Puffer pH 7,4 abgespült, in gleichem Puffer zerrieben und 
weiter wie in den bisherigen Versuchen behandelt. Das Ergebnis war ein- 


deutig: 
Versuch 18 Versuch 19 Versuch 20 


Begonia conchifolia, Begonia conchifolia, Begonia conchifolia, 
30 Minuten lang mit !/ıo-N 45 Minuten lang mit !/10-N 75 Minuten lang mit !/10-N 
Ammoniak vorbehandelt. Ammoniak vorbehandelt. Ammoniak vorbehandelt. 
Min. ccm Os Min. cem Os Min. ccm Os 

Re ere 10,8 TA, Seer ae atc bisa | ee rare Gio Ge 8,0 
D IPO OIE 18,5 DER TE SE 18,7 Deere er 16,2 
ST Tee ed Glo 24,6 D One CCT OO 24,8 ehren Won 22,3 
OY ti ces ee 207 AE Ce CE 30,2 ARE Re Se 219 
de ag 34,3 DA hotes 34,6 Dy A MORTE GA il 
Denn 38,2 a ke 38,6 VE een: 36,1 


Für diese drei Versuche wurden Teile aus den Randpartien eines und des- 
selben Begonia-Blattes verwendet. 
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Vergleicht man alle bisher an Begonia erhaltenen Ergebnisse, so ergibt 
sich folgendes Bild: 
In 2 Min. ent- 


ickelte S - 
Versuch Art der Behandlung ale BEE 


stoffmenge 
in ccm. 
3 Normalhizerriebent Ar ast ee ee ee ena eta: D eee 1,5 
15 In: Puffer zerrieben. ccm ee oe rosie per eher 4,1 
16 Mit Puffer infiltriert und in Puffer zerrieben .................. 4,2 
18 30 Min. mit t/ıo-N Ammoniak vorbehandelt . .................... 18,5 
19 45 Minuten mit !/ıo-N Ammoniak vorbehandelt . ................ 18,7 
20 75 minuten mit 1/10-N Ammoniak vorbehandelt ................. 16,2 


Es zeigt sich also, dass auch das Zerreiben der Blattportionen in Puffer- 
lösung die Zerstörung des grössten Teiles des Katalase durch die im Zellsaft 
vorhandenen Säuren nicht verhindern kann. Offenbar kommt das Proto- 
plasma im Augenblick des Zerquetschens der Zelle doch für kurze Zeit mit 
dem sauren Zellsaft in Berührung und diese Zeit genügt, um etwa 3/4 des 
Enzymes zu zerstören. Erst wenn der Zellsaft in vivo neutralisiert wird, kann 
dieser Einfluss der Zellsaft-Säuren ausgeschaltet werden. Wie Versuch 20 
lehrt, tritt bei zu langer Einwirkung von Ammoniak auch eine Schädigung 
des Enzymes ein, die wohl durch eine Schädigung des Protoplasmas im 
allgemeinen bedingt ist. Werden mehrere Versuche mit verschieden langer 
Einwirkungsdauer von Ammoniak durchgeführt, dann lässt sich ein Maxi- 
mum der Katalase-Aktivität erkennen, das im besprochenen Falle bei Ver- 
such 19, also bei 45 Minuten langer Einwirkung von Ammoniak liegt. Dieses 
Maximum dürfte nun mit einiger Wahrscheinlichkeit der ursprünglich in 
der Pflanze vorhandenen Katalasemenge entsprechen. 

Ähnliche Versuche mit Ammoniak wurden nun auch an unseren anderen 
Versuchspflanzen durchgeführt: 


Versuch 21 Versuch 22 Versuch 23 
Oxalis floribunda, Tradescantia guianensis, Tradescantia guianensis, 
30 Min. in !/ıo-N Ammoniak 45 Min. in !/10-N Ammoniak 75 Min. in !/10-N Ammoniak 
vorbehandelt. vorbehandelt. vorbehandelt. 
Min. ccm Os Min. ccm O3 Min. ccm Os 
IE oe ee 34,2 ILE Re 23 LR Ve 18 
DOM ee Le 45 DA Tce DEA 36,5 Dan ee 29,5 
D Re: >50 SERS ee 47 DR A aa Pe a Ba 38,7 
AREA TERESA >50 ASE RES 46 


KATALASEBESTIMMUNGEN AN GRÜNEN BLÄTTERN 845 


Versuch 24 


Echeveria elegantissima 
40 Min. in !/ıo-N Ammoniak 


Versuch 25 


Saxifraga sarmentosa 
Blattportion unzerschnit- 


Versuch 26 


Saxifraga sarmentosa 
Blattportion in 2mm breite 


vorbehandelt. ten 35 Min. lang mit !/10-N Streifen zerschnitten und 
Ammoniak vorbehandelt. 30 Min. lang mit !/ıo-N Am- 
Rote Epidermis nicht völlig moniak vorbehandelt. Rote 
umgefärbt. Epidermis völlig umge- 
Min. ccm Os färbt. 
EURER 2,0 Min. ccm O» Min. ccm Os 
IE EEE 2,1 DER Re 11755 een 23 
RU 3,1 SR er 30 TRE Pre 37 
Ae Sees re 3,5 RSR ee 40,7 IE ee 48 
Die DAs Hae As 3,8 Pe ene ae 50 Pe a >50 


Versuch 23 zeigt wieder die schon weiter oben für Begonia festgestellte 
Tatsache, dass zu lange Einwirkung von Ammoniak die Zellen schädigt und 
zu einer Verminderung der Katalase-Aktivität führt. Bei Pflanzen mit rot 
gefärbten Epidermen kann man den richtigen Zeitpunkt zum Abbrechen der 
Ammoniak-Einwirkung nach der zu‘beobachtenden Umfärbung dieser Epi- 
dermen abschätzen. (Vgl. Versuch 25 und 26.) Zu Versuch 21 ist zu bemer- 
ken, dass sich die Oxalis-Blätter, die wir wegen ihrer Zartheit unzerschnit- 
ten liessen, bei dem Versuch der Infiltration als aussergewöhnlich schwer 
benetzbar erwiesen und dass es daher nicht feststeht, ob nach der von uns 
gewählten Einwirkungsdauer des Ammoniak wirklich alle Zellsäfte neutra- 
lisiert waren. Das Objekt bleibt an reichlicherem Material als es uns zur 
Zeit unserer Versuche zur Verfügung stand näher zu untersuchen. 

Fasst man nun die bisher dargestellten Ergebnisse in Tabellenform zu- 
sammen, so ergibt sich folgendes Bild: 


In 2 Minuten entwickelte Sauer- 


Objekt ee Zar CEE NE 
saftes | Ohne Puffer | In Puffer Nach optimaler 
zerrieben |zerrieben | Ammoniakbehandlung 

Tradescantia guianensis ...... 6,03 29,5 38.5 36,5 
Begonia conchifolia .......... 1,96 155 4.2 18,7 
Oxalistlorıbundag ra 2.2. 2,82 21,2 == 55 (extrapoliert) 
Echeveria elegantissima ...... A 2,5 — 937 
Saxifraga sarmentosa......... 6,0 35,4 47,1 60 (extrapoliert) 


Man sieht aus dieser Zusammenstellung, dass bei den Blättern mit annä- 
hernd neutralem Zellsaft eine Vorbehandlung mit Ammoniak gegenüber dem 
blossen Zerreiben in Puffer keine oder keine wesentliche Vermehrung der 
entwickelten Sauerstoffmenge bewirkt, während bei den stark sauren Bego- 
nia-Blättern die Ammoniakbehandlung äusserst wirksam ist: Hier wird mehr 
als viermal so viel Sauerstoff gewonnen als beim Zerreiben in Puffer. 
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Umgekehrt lassen diese Ergebnisse darauf schliessen, dass beim Zerreiben 
in Pufferlösung vom pH-Wert 7,4 die Katalase der Tradescantia-Blätter 
praktisch vollständig erhalten bleibt und von der Katalase der Saxifraga 
etwas über 20 °/o zerstört werden. Das Enzym der Begonia-Blätter dagegen 
wird bei der gleichen Behandlung zu über 75 °/o, beim Zerreiben ohne Puffer 
praktisch vollständig zerstört, da ja die dann gelieferte Sauerstoffmenge 
nahezu der Kontrolle (Versuch 2) entspricht. 

Trotzdem wir nun mit einiger Wahrscheinlichkeit annehmen konnten, 
dass wir den wahren Katalasegehalt unserer Versuchspflanzen erfasst hatten, 


überraschten uns die nach wie vor hohen — z.T. durch die Ammoniak- 
behandlung noch vergrösserten -— Unterschiede zwischen den verschiedenen 


Pflanzen. In Anbetracht der gegenwärtigen Unklarheit über die Rolle der 
Katalase im Photosynthese-Apparat der Pflanze erschien es uns interessant, 
nach einem Zusammenhang zwischen Chlorophyll- und Katalasegehalt zu 
suchen, wie dies bereits von einigen älteren und neueren Autoren durch- 
geführt worden ist (v. Euler und Mitarbeiter 1929, Rischkow und Karat- 
schewsky 1933, Hagen und Jones 1952, Goto und Yatazawa 1953). Wir be- 
stimmten daher an unseren Versuchspflanzen den relativen Chlorophyll- 
gehalt. Dazu brachten wir je 200 mg Blattsubstanz in 25 ccm-Messkolben, 
füllten mit Aceton auf und liessen 2 bis 3 Tage stehen. Dann führten wir die 
Messung im Stufenphotometer von Zeiss mit dem Filter S 66 (Durchlässig- 
keitsschwerpunkt bei 6600 AE) durch. Wir erhielten folgende Extinktions- 
koeffizienten k, denen noch die maximal in 2 Minuten entwickelte Sauer- 
stoffmenge als Mass für die Katalase-Aktivität KA sowie der Quotient aus 
beiden Grössen hinzugefügt wurde: 


Pflanze k KA KA/k 
Echeveria elegantissima .............. 0,06 DR] 45 
Bezonlarconch1fo Mar 0,10 18,7 187 
Tradescantia guianensis .............. 0,36 36,5 101 
Saxifraga sarmentosa ................ 0,54 60 111 
Oxalissflonribiind alee 0,66 55 83 


Die Pflanzen sind in der Tabelle nach steigendem Chlorophyligehalt geord- 
net. Man erkennt, dass einem höheren Chlorophyligehalt auch eine stärkere 
Katalase-Aktivität entspricht. Eine Ausnahme bildet Oxalis. Es ist aber, wie 
schon weiter oben gesagt, zweifelhaft, ob bei unserem Versuch 21 der Am- 
moniak in genügenden Masse in die schwer benetzbaren und infiltrierbaren 
Oxalis-Blatter eindringen konnte, um den Zellsaft zu neutralisieren. 

Eine strenge Proportionalitat zwischen Chlorophyll- und Katalasegehalt 
ist nicht festzustellen. Wohl liegen die Werte von KA/k ziemlich in dersel- 
ben Grössenordnung (in einigen Fällen recht eng um 100 herum), doch fällt 
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z.B. Echeveria durch einen besonders niedrigen, Begonia durch einen (relativ 
zum Chlorophyll) sehr hohen Katalasegehalt auf. 

Wir informierten uns ferner in orientierenden Versuchen darüber, ob die 
Zellsaft-Säuren von Begonia das Chlorophyll bei dem geschilderten Extrak- 
tionsverfahren in beachtenswerten Mengen zu zerstören vermögen. Die 
Extinktionskoeffizienten, die wir an Extrakten Ammoniak-behandelter Be- 
gonia-Blätter messen Konnten, waren jedoch nur unerheblich grösser als die 
entsprechenden Werte unbehandelter Blätter. 


Zusammenfassung 


Die Bestimmung des Katalasegehaltes von Pflanzenteilen wird durch den 
Säuregehalt derselben entscheidend beeinflusst. Wenn das Enzym beim Zer- 
kleinern der Objekte mit dem sauren Zellsaft in Berührung kommt, dann 
kann es in Extremfällen schon in wenigen Sekunden zur Gänze oder zu 
einem wesentlichen Teile irreversibel zerstört werden. Wird das Zerreiben 
in neutraler Pufferlösung durchgeführt, dann bleibt wohl bei manchen 
Pflanzen mit fast neutralen Zellsäften das Enzym im wesentlichen ungeschä- 
digt, bei Pflanzen mit stark sauren Zellsäften wird aber auch dann noch 
— offenbar im Augenblick des Zerquetschens der Zellen — der Grossteil 
der Katalase zerstört. Ein Einblick in den wahren Gehalt der betreffenden 
Pflanzenteile an Katalase — und vielleicht auch an anderen Enzymen — ist 
nur dann zu erhalten, wenn vor der Extraktion der Zellsaft in vivo neutrali- 
siert wird. Dies ist durch Einlegen der Pflanzenteile in verdünnte Ammontak- 
Lösung zu erreichen, da das darin enthaltene undissoziierte NH; leicht durch 
das lebende Protoplasma in den Zellsaft zu permeieren vermag. Dabei ist 
darauf zu achten, dass die Objekte in ziemlich kleinen Stücken in die Anımo- 
niak-Lösung eingelegt werden, da sonst das Eindringen sehr langsam erfolgt. 
Als Indikatoren für die beendete Neutralisation bzw. Alkalisierung der Zell- 
säfte können die durch Anthocyan rot gefärbten unteren Epidermen vieler 
Blätter dienen, die sich im alkalischen Bereich nach Blau umfärben. Nach 
einer solchen Behandlung, die in der vorliegenden Untersuchung an Blättern 
von Tradescantia guianensis, Begonia conchifolia, Oxalis floribunda, Saxi- 
fraga sarmentosa und Echeveria elegantissima durchgeführt wurde, ergab 
sich bei Pflanzen mit stark sauren Zellsäften (Begonia, Oxalis) ein sehr 
viel höherer Wert, aber auch manchmal bei Pflanzen mit nahezu neutralen 
Zellsäften (Saxifraga) noch ein beträchtlich höherer Wert für die Katalase- 
Aktivität der Extrakte gegenüber den unbehandelten Blättern. Bei zu langer 
Einwirkung von Ammoniak tritt wieder ein Abfall der Aktivität ein. Das bei 
einer bestimmten Einwirkungsdauer des Ammoniak erreichbare Maximum 
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der Aktivität darf wohl, soweit ausser den H‘-Ionen keine anderen Enzym- 
hemmenden Stoffe in Frage kommen, als Mass für den wahren Katalase- 
gehalt der betreffenden Pflanzenteile gelten. In diesem Zusammenhange 
wird deutlich, dass manche der vielen Schwierigkeiten, mit denen die bota- 
nische Enzymchemie zu kämpfen hat, durch eine zellphysiologisch orien- 
tierte Betrachtungs- und Arbeitsweise zu überwinden sein würden. 

Zwischen Chlorophyll- und Katalase-Gehalt wurde in Übereinstimmung 
mit anderen Autoren eine deutliche Korrelation, wenn auch keine strenge 
Proportionalität gefunden. 


Summary 


In finding out the catalase contents of plant sources a decisive role is 
played by their acid contents. When, during the process of crushing the 
specimens, the enzyme gets into contact with the acid cell sap it can be 
irreversibly destroyed, in extreme cases within a few seconds, either com- 
pletely or to a considerable degree. If the plant parts are crushed in a 
neutral buffer solution the enzyme of some plants with almost neutral cell 
saps remains essentially undamaged. In plants, however, with cell saps of 
strong acidity even then a great part of the catalase is destroyed, apparently 
at the moment of crushing. For determining the true contents of catalase 
within the plant sources in question — and possibly also the contents of 
other enzymes — it is necessary to neutralize the cell sap in vivo before 
extraction. This can be done by placeing the specimens in a diluted solution 
of ammonia, since the undissociated NH, which it contains can easily per- 
meate through the living protoplasm into the cell sap. Special attention 
should be paid to breaking up the specimens into small parts before placing 
them in the solution of ammonia. Otherwise the infiltration would be very 
slow. As indicators for the completion of the neutralization or alkalization 
of the cell saps we can use the lower epiderms of many leaves, tinted red 
by anthocyan. They change to blue in the alkaline range. After being thus 
treated — it was done for this study with the leaves of Tradescantia guianen- 
sis, Begonia conchifolia, Oxalis floribunda, Saxifraga sarmentosa, and Eche- 
veria elegantissima — the catalase activity of the extracts proved to be very 
much higher in plants with cell saps of strong acidity (Begonia, Oxalis) 
— and sometimes also considerably higher in plants with almost neutral 
cell saps (Saxifraga) — than that of the untreated leaves. If the specimens 
are exposed to ammonia for too long this activity decreases again. The 
maximum activity achievable by their placing in ammonia for a certain 
time can very well serve as a yard-stick for determining their true catalase 
contents, insofar as no other enzyme-checkers besides H:-ions are concerned. 
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This clearly shows that some of the numerous difficulties, which botanic 
enzyme chemistry has to cope with, may be overcome by orienting the 
studies and methods towards cell physiology. 

In accordance with other authors a clear correlation between the chloro- 


phyll contents and the catalase contents, but no strict proportionally, was 
found. 
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In a previous paper from this institute (Melin 1954 a), it has been demon- 
strated that excised pine and tomato roots exert a strong growth-promoting 
effect on tree mycorrhizal fungi growing in media containing sugar, salts, 
vitamins and amino acids. It was concluded that the roots produce one or 
more growth-promoting metabolites, conveniently called factor M (Melin 
1954 b), which are essential to the growth of the fungi concerned. 

The experiments reported below have been performed with a view to find 
out if these metabolites have a wide-spread occurrence in a wide variety of 
roots, and to get a deeper understanding of their physiological effect on the 
fungi. Accordingly, we have studied the influences of root-metabolites of 
plants which are quite distantly related to each other. As well as tomato 
(Solanum Lycopersicum L.), the following plants were used in the experi- 
ments: Lepidium sativum L., Medicago sativa L., Cannabis sativa L., Pisum 
sativum L. and Triticum aestivum L., Thell. 


Methods 


In the case of Lepidium, Medicago, tomato, pea and wheat, excised roots were 
grown for 3—4 weeks in the nutrient solution of White (1943). Roots of hemp were 
obtained from seedlings grown aseptically for about 15 days in Erlenmeyer flasks 
supplied with terralite (Hacskaylo 1953). To the terralite was added a nutrient solu- 
tion containing per litre of distilled water: 


a [851] 
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KE SPO Se ve ee re 0.5 8 
COG RN NE ER lc 0.05 g 
Nach ne et ee ee ER 0.025 g 
MgSO,: IH 20T oe oie ae ee 0.15 g 
RNO: see aa 0.25 g 
Berrieseikrateg (il Of Olds!) sooooon0ca500> 12 mil 


The pH of solution after autoclaving with terralite was about 5.3. 

The following mycorrhizal Basidiomycetes were tested: Boletus elegans Fr., 
B. variegatus (Sw.) Fr., Rhizopogon roseolus (Corda) Th. Fr., and Russula xeram- 
pelina Schaeff. ex. Fr. Boletus elegans forms mycorrhizae with larch (Melin 1922), 
B. variegatus and Rhizopogon roseolus with pine (Melin 1923, Modess 1941), Rus- 
sula xerampelina presumably with pine. 

The fungi were grown in 125 ml Erlenmeyer flasks of Pyrex glass containing 
20 ml of nutrient solution. Prior to use, the glassware was cleaned with sulphuric 
acid dichromate solution, and thoroughly rinsed with tap and distilled water. The 
basic solution contained per litre of distilled water (a): 


Glucose ysis ote JR ER EE Gaerne 20.0 g 
KH. PO), one. een 1.0 g 
MÉSO Paes Os roots ae 0.5 g 
NH, -tartrates een soe ere rick eee 0.5 g 
Ferrie citrate (1 96 Soin.) ern 0.5 ml 
ZnSO,-solution (Zn-cone. 1.500) .......... 0.5 ml 


This solution was supplemented with a mixture of ten B-vitamins and also with 
a mixture of amino acids in proportions equal to those found in casein hydrolysate. 
Adequate amounts of autoclaved solutions of these mixtures were added to each 
autoclaved flask containing the basic nutrient medium. The vitamin additions per 
flask were as follows (cf. Norkrans 1950, p. 36): 


MAM INE ENT ce aes. PRET 1 ug Pyridoxinie rer 1 ug 
Ga-pantothenatergere ieee 1 ug Riboflayınge re 1 ug 
FOC ACG wesen err 1 ug BLO} cn sen aes ae eae ee 0.01 pg 
Nieotinamıde ser: 1 ug Choline? are ee 10 ug 
p-Aminobenzoic acid .......... 1 ug Inosttoln a Ems 


The amino acid mixture which corresponded to a complete casein hydrolysate 
was added in an amount of 10 mg to each flask. It had the following composition 
(Schmidt 1944, Melin and Norkrans 1948): 


GlycocollSers te 0.5 per cent D) Proline 9.1 per cent 
DL-o-Alanine .......... 1.9 L(—)-Hydroxyproline .. 0.2 
DEVANT codoosoovope 7.9 DLASENITS cosoucoosboc 0.5 
L(—)-Leucine . ........ 4.9 DE Ihreenneseressee: 3.5 
DIÉLSOIEUCIN EE ER 4.9 L(—)-Cystine ......... 0.3 
DL-Phenylalanine ..... 3.9 DL-Methionine ........ 3.4 
L(—)-Tyrosine ........ 6.6 L(+ )}-Arginine) ken. 3.8 


L(—)-Tryptophan ..... 22 (—)-Histidine HC]... 2.5 
L(+)-Glutamic acid ... 32.2 L(+ )-Lysine (HCl), 22.760 
L(+)-Aspartic acid .... 41 | 
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The experiments comprised series with roots as well as controls. The flasks of the 
former series each contained one aseptic root derived from root cultures (Lepidium, 
Medicago, tomato, pea, wheat) or from aseptically cultivated seedlings (hemp). 

The isolates of Boletus and Rhizopogon to be used for inocula were grown for 
about 10 days as floating mycelia in Erlenmeyer flasks containing medium a 
supplemented with thiamine (1 ug per flask); those of Russula were grown for 
about 30 days as submerged mycelia in the same medium but with excised tomato 
root as activator. These mycelia were then thoroughly shaken in distilled water with 
glass beads (Wiken et al. 1951), giving a dense hyphal suspension which passed 
through a very fine sieve to get it as homogenous as possible (Melin 1954). For each 
flask 1 ml of this final suspension was used as the inoculum. 

The cultures were incubated in the dark at a temperature of 25° C. Dry weights 
of mycelia were determined after washing with distilled water and drying at 102° C. 


Experimental 


In most series of experiments with the rapidly growing fungi the incuba- 
tion time was only 8—9 days. In some series, however, the mycelial growth 
was determined at weekly intervals, and the average dry weights of mycelial 
harvests (mostly five parallels) were then plotted against time to obtain 
growth curves. 

The results of these experiments are illustrated by Figures 1—4. Roots of 
Lepidium sativum, Medicago sativa, Cannabis sativa, and Triticum aestivum 
all produced metabolites which increased the growth rate of Boletus varie- 
gatus and B. elegans in a nutrient medium containing sugar, salts, B-vita- 
mins and amino acids (Figure 1). Lepidium caused about the same increase 
of the growth rate of B. variegatus as did tomato in seven days (Figure 2), 
whereas the growth-promoting influence of Medicago on this fungus was 
somewhat less pronounced. The effects of Lepidium, Medicago and Triticum 
on B. elegans were about the half of that caused by tomato roots in 7 days. 
It seems justified to assume that the active substance or substances were the 
same in all kind of roots tested. 

It was previously shown (Melin 1954) that the magnitude of the growth- 
promoting root effect is very different for different tree mycorrhizal fungi. 
Figures 2—4 present growth-curves for Boletus variegatus, Rhizopogon 
roseolus, and Russula xerampelina in the maximum nutrient solution men- 
tioned above, with living roots as activator. In the experiment illustrated 
by fig. 2, in which B. variegatus was cultured with living tomato-roots for 
five weeks, the growth rate of the mycelia was enhanced by the root factor, 
particularly in its first stage of development. After seven days the amount of 
mycelia grown in the presence of activator was 4 times that of the controls. 
After 14 days the growth-promoting effect of the roots was less pronounced 
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Figure 1. Influence of various excised roots on the growth of Boletus variegatus (Sw.) Fr. 
and B. elegans Fr. in nutrient solution supplemented with B-vitamins and amino acids. 
Incubation time 8—9 days. Average values of 5 parallels. 


and the maximum mycelial yields (after about 3 weeks) reached about the 
same values in both cases. 

The growth-curves of Rhizopogon roseolus given in Figure 3 indicate that 
its growth is influenced by tomato roots in a manner similar to Boletus 
rariegatus. 

The growth-curves of Russula xerampelina (Figure 4), on the other hand, 
indicate a quite different behaviour. In the controls the hyphal growth was 
very poor and soon stopped completely with a maximum yield of less than 
0.1 mg, whereas the tomato roots caused an average yield of 90 mg mycelial 
dry weight after 50 days. 

In another experiment illustrated in Figure 3. Rhizopogon roseolus was 
cultivated with excised pea roots for two weeks. Initially these roots also 
had a growth-promoting influence although smaller than that of tomato 
roots but after two weeks they caused a strong inhibiting effect on the 
mycelial growth. It therefore seems justified in concluding that the pea roots 
exuded not only the M-factor but also an antifungal substance. During the 
first week of the experiment, the latter had little or no influence on the 


growth of the fungus but gradually reached a sufficient concentration to 
be toxic. 
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Figure 2. Influence of excised tomato roots on the growth of Boletus variegatus (Sw.) Fr. 
in nutrient solution supplemented with B-vitamins and amino acids. 


The exudation of antifungal metabolites from excised pea roots was 
demonstrated also by following experiment. Excised pea roots, about 4 weeks 
old, were transferred to Erlenmeyer flasks with 20 ml fungus nutrient 
medium mentioned above and kept there for exudation. After 14 days, 1 ml 
of this solution was added to each of several other Erlenmeyer flasks with 
20 ml of the same solution inoculated with hyphal suspension of Rhizopogon 
roseolus. In seven days the flasks which contained pea exudate had produced 
only half as much mycelium (dry weight) as the controls. 
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Figure 3. Influence of excised roots 
of tomato and pea on the growth of 
Rhizopogon roseolus (Corda) Th. Fr. 
in nutrient solution supplemented 
with B-vitamins and amino acids. 
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Figure 4. Influence of excised tomato 
roots on the growth of Russula xer- 
ampelina Schaeff. ex. Fr. in nutrient 
solution supplemented with B-vita- 
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Discussion 


The results of the experiments reported above confirm the conclusion 
made in a previous paper (Melin 1954) that the M-factor is essential to the 
growth of tree mycorrhizal fungi. Russula xerampelina was capable of 
utilizing the experimental solution only in the presence of roots. This seems 
to indicate that this species is totally, or almost totally, deficient for the root- 
metabolites concerned. In the case of Boletus variegatus and Rhizopogon 
roseolus, the M-factor increased the growth rates but probably did not affect 
the maximum mycelial yields. This seems to show that these species them- 
selves are capable of synthesizing the factor concerned but not as rapidly 
as needed for optimal growth. They may therefore be only partial deficient 
for the M-factor. 

It seems reasonable to assume that the M-factor exercises an important 
role for formation of tree mycorrhiza. However, it was shown above that 
this factor is not specific for certain roots, but apparently occurs in a great 
number of plants little related to each other. Therefore, it cannot explain 
why mycorrhizal fungi are generally more or less specialised. As demon- 
strated above, even Boletus elegans, which belongs to the most specialised 
tree mycorrhizal species, was highly stimulated by roots of several different 
plants. 

It might be that the ability of many mycorrhiza-forming fungi to associate 
in nature with only one or a few genera of trees is due to root-metabolites 
exercising antifungal influences and therefore preventing mycorrhizal asso- 
ciations. Under the experimental conditions described above only pea roots 


-.- 
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produced antifungal substances in amounts sufficient to cause growth in- 
hibition in 20 ml of nutrient solution. 

This investigation has been supported by a grant from Fonden för skoglig forsk- 
ning, Stockholm. The authors are indebted to Mrs. Milda Udris for valuable 
assistance. 


Summary 


The action of excised roots on the growth of tree mycorrhizal fungi has 
been studied. 

Roots of Lepidium sativum, Medicago sativa, Cannabis sativa. Triticum 
aestivum all produced metabolites which increased the growth rate of Boletus 
variegatus and B. elegans in a nutrient medium containing sugar, salts, 
B-vitamins and amino acids. 

Pea roots initially had a growth-promoting influence on Rhizopogon 
roseolus but after some time they caused a strong growth-inhibiting effect 
on this fungus. 

The experiments seem to show that the growth-promoting root metabolites 
concerned, conveniently called factor M, are not specific for certain roots, 
but occur in a great number of plants little related to each other. 

The magnitude of the growth-promoting root effect is very different for 
different tree mycorrhizal fungi. The results indicate that Boletus variegatus 
and Rhizopogon roseolus are only partially deficient for the M-factor, 
whereas Russula xerampelina may be totally, or nearly totally, deficient. 
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